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linear  circuit  analysis  program  (NCAP)  to  predict  RF  demodulation  effects  in 
broadband  bipolar  IC  amplifiers.  The  audio  frequency  (AF)  voltage  at  the  IC 
amplifier  output  terminal  caused  by  an  amplitude  modulated  (AM)  RF  signal  at  the 
IC  amplifier  input  terminal  was  calculated  and  compared  to  measured  values.  Twol 
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broadband  IC  amplifiers  were  investigated:  (1)  a  cascode  circuit  using  a 
C A 3026  dual  differential  pair;  (2)  a  unity  gain  voltage  follower  circuit  using 
a  jj A741  operational  amplifier  (op  amp). 

Before  using  NCAP  for  RFI  analysis,  the  model  parameters  for  each  bipolar 
junction  transistor  (BJT)  in  the  integrated  circuit  were  determined.  Probe 
measurement  techniques,  manufacturer's  data,  and  other  researcher's  data  were 
used  to  obtain  the  required  NCAP  BJT  model  parameter  values.  An  important 
contribution  included  in  this  effort  is  a  complete  set  of  NCAP  BJT  model 
parameters  for  most  of  the  transistor  types  used  in  linear  IC's.^ _ 

The  RF  demodulation  effects  measured  and  calculated  were  characterized  in 
!  terms  of  the  second-order  transfer  function  H,,(f.|,-f2)  where  f,  =  fR[r  and  f2  = 

fRF  -  fAp.  The  frequency  fR(r  is  the  RF  carrier  frequency,  and  the  frequency 

f.p  is  the  AF  modulation  frequency.  (The  AF  voltage  V„  at  the  amplifier  output 
terminals  caused  by  a  50^  AM  modulated  RF  signal  at  the  IC  amplifier  input 
terminal  can  be  expressed  as  VM  *  (1/  2  /?)  ]  H2(f,  ,-fo)  |  t\  where  A  is  the  RF 
carrier  amplitude.)  The  experimental  and  calculated  values  for  Mf-.-f^) 
were  determined  for  the  RF  frequency  range  50  kHz  to  50  MHz  with  an  Am  modula¬ 
tion  frequency  of  400  Hz  or  1  kHz.  For  the  CA3026  cascode  amplifier  the  experi 
mental  and  calculated  values  for  H2  agree  within  4  to  12  dB  over  the  RF  fre¬ 
quency  range  50  kHz  to  10  MHz. 

Above  10  MHz  both  the  experimental  and  calculated  values  for  H2(f, ,-f„) 
decreased  rapidly  with  increasing  frequency.  For  the  741  unity  gain  voltage 
follower  circuit  the  experimental  and  calculated  values  for  fMfp-fo)  also 
agree  quite  well  over  the  RF  frequency  range  50  kHz  to  50  MHz:  the  experimen¬ 
tal  and  calculated  values  for  for  the  741  unity  gain  voltage  follow¬ 

er  circuit  were  approximately  40  dB  less  than  those  of  the  CA3026  encode 
amplifier.  This  was  a  result  of  feedback  in  the  op  amp  voltage  follower 
circuit.  A  large  increase  in  RFI  effects  was  observed  in  the  741  op  amp 
circuit  when  a  200  u  F  capacitor  was  connected  to  the  741  op  amp  inverting 
input.  This  increase  was  correctly  predicted  by  NCAP.  These  comparisons 
demonstrate  that  the  computer  program  NCAP  can  be  used  quite  successfully  to 
predict  how  AM  modulated  RF  signals  are  demodulated  in  broadband  IC  amplifiers. 
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EVALUATION 


This  investigation  represents  a  significant  and  invaluable  contribution  to  the 
Air  Force  Intrasystem  Analysis  Program  (IAP)  as  pertaining  to  the  Nonlinear 
Circuit  Analysis  Program  (NCAP).  By  utilizing  analysis,  prediction  and  measure¬ 
ment  techniques  developed  under  the  IAP,  a  new  technique  was  developed  which 
characterizes  radio  frequency  (RF)  demodulation  effects  in  bipolar  linear  integra¬ 
ted  circuits  (iC's)  which  are  designed  to  operate  at  audio  frequency  (AF).  The 
results  of  this  effort,  which  was  performed  in  support  of  the  RADC  FY  77-79 
Electromagnetic  Compatibility  (EMC)  Technical  Planning  Objective  (TPO)  goal 
associated  with  the  development  of  EMC  prediction  and  analysis  techniques,  is 
twofold.  It  provides  users  of  the  IAP  (particularly  NCAP)  with  an  application 
roadmap  for  performing  nonlinear  analysis  on  small  scale  bipolar  linear  integrated 
circuits.  Secondly,  a  data  base  for  linear  IC  input  parameters  required  by  NCAP 
has  been  established  and  will  continue  to  expand  with  additional  application. 
Because  of  the  rigorous  verification  between  measured  and  simulated  data,  input 
parameter  measurements,  and  inclusion  of  parasitic  effects,  good  agreement 
between  measured  results  and  NCAP  predicted  results  is  obtained.  This  agreement 
represents  a  sufficient  degree  of  confidence  in  applying  the  technique  developed  in 
this  effort  of  using  NCAP  to  analyze  and  predict  the  nonlinear  behavior,  and  the 
EMC  profile  of  bipolar  IC's. 


CARMEN  A.  PALUDI,  OR. 
Project  Engineer 
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CHAPTER  ONE 


INTRODUCTION 

In  recent  years  wideband  monolithic  analog  integrated  circuit 
amplifiers  have  become  important  building  blocks  in  communication 
systems.  These  amplifiers,  although  designed  to  be  linear,  are  not 
completely  linear  because  of  the  inherent  nonlinearity  of  the  devices 
in  the  circuits.  Therefore,  in  communication  systems,  where  integrat¬ 
ed  circuits  are  used,  nonlinear  effects  can  cause  some  significant 
problems . 

In  the  small  signal  amplifier  circuit,  a  nonlinearity  may  gen¬ 
erate  a  small  amount  of  higher-order  harmonic  signals  when  excited 
by  a  single  signal  source  or  beat-frequency  signals  called  Inter¬ 
modulation  Products  (IMP's)  when  excited  by  two  or  more  signal  sources. 
(The  unwanted  signals  will  be  referred  to  as  distortion.)  If  the  signal 
source  excitations  are  sufficiently  small,  then  the  higher-order 
frequency  components  generated  will  be  negligible  when  compared  with 
the  fundamental  component.  However,  there  are  cases  where  the  higher 
order  frequency  components  are  not  negligible.  An  example  is  long¬ 
distance  communication  circuits,  such  as  frequency-division  wide¬ 
band  coaxial  analog  systems  or  cable  TV  systems,  in  which  a  repeater 
amplifier  must  be  inserted  every  few  miles  to  maintain  signal  strength. 
It  has  been  observed  that  the  undesirable  higher  order  frequency  com¬ 
ponents  have  a  tendency  to  become  additive  along  the  line  and  can  not 

53 

always  be  neglected.  Also  when  electronic  circuits  are  operated  in 
a  multi-signal  Radio  Frequency  Interference  (RFI)  environment,  the 


m 


strengths  of  stray  signal  sources  are  not  necessarily  small  and  severe 
RFI  effects  can  result  from  a  circuit  nonlinearity.  Perhaps  the  best 
known  example  is  that  a  heart  pacemaker  can  be  affected  by  a  microwave 
54 

oven.  Therefore,  the  study  of  nonlinear  distortion*  to  predict 
nonlinear  effects  such  as  gain  compression,  desensitization,  cross¬ 
modulation,  intermodulation  and  demodulation"^  due  to  RFI  is  import¬ 
ant  to  electronic  circuit  design  engineers  as  well  as  systems  engineers 
who  must  meet  stringent  RFI  performance  specifications  on  electronic 
equipment.  The  predication  of  nonlinear  effects  using  computer-aided 
design  (CAD)"’"’  techniques  can  be  especially  useful  to  such  circuit 
designers.  This  is  the  subject  of  this  dissertation. 


Although  other  nonlinear  devices  such  as  the  junction  field  effect 
transistor  (JFET)  and  metal-oxide-semiconductor  field  effect  tran¬ 
sistor  (MOSFET)  are  used  in  integrated  circuits,  the  bipolar  junction 
transistor  (BJT)  remains  the  most  widely  used  nonlinear  device  in 
integrated  circuits.  Unfortunately,  when  compared  with  the  other 

devices,  the  BJT  due  to  its  inherent  emitter-base  junction  nonlinear- 
8  18 

ity  ’  generates  more  distortions  and  is  more  susceptible  to  non¬ 
linear  effects  when  operated  in  multiple-signal  RFI  environments. 

Based  upon  different  mathematical  approaches  which  include  the  Vol- 

OQ  o/  O  C  0  7 

terra  series,  the  perturbation  method,’’  ’  ’  ’  and  the  Picard 


*  The  term  distortion  will  be  used  to  describe  a  wide  variety  of 
nonlinear  effects  in  electronic  circuits  such  as  the  production  of 
harmonic  frequency  terms  and  intermodulation  products  (IMP's). 
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iteration  method,  the  engineering  literature  includes  many  models 
that  can  be  used  to  study  the  nonlinearities  of  the  BJT.  One  such 

model  is  the  integral  charge  control  model  (ICM) >^1»15,16,36  an<j 

33 

another  is  the  nonlinear  T-model.  In  this  dissertation  the  use  of 
Nonlinear  Circuit  Analysis  Program  (NCAP)  which  incorporates  the 
nonlinear  T-model  for  the  BJT  and  uses  the  Volterra  series  approach 

39  58  59 

for  the  distortion  analysis  is  described.  ’  *  The  program  NCAP 

has  been  developed  through  the  joint  efforts  of  government,  industry 
and  university  in  order  to  provide  the  EMC  community  with  a  useable 
procedure  for  analysing  electronic  equipment  operated  in  a  multi¬ 
signal  RFI  environment. 

The  Volterra  series  representation  for  nonlinear  components  in 
electronic  circuits  has  proved  to  be  a  useful  analysis  tool  in  the 
calculation  of  distortion.  Since  transistor  distortion  is  frequency 
dependent,  a  memory-less  power  series  expression  is  inadequate. 
However,  the  Volterra  series  is  a  generalization  of  the  power  series. 
When  analyzing  distortions  in  electronic  circuits,  it  offers  the  dis¬ 
tinct  advantage  of  being  able  to  characterize  a  frequency  dependent 

33 

system,  which  includes  nonlinear  components  with  memory. 

Appropriate  nonlinear  models  for  BJT  analysis  have  to  be  chosen 
in  order  to  predict  accurately  the  actual  transistor  operation.  How¬ 
ever,  there  is  tradeoff  between  the  accuracy  of  device  simulation 
and  the  complexity  of  the  model.  In  NCAP,  the  nonlinear  T-model, 
being  a  second-level  transistor  model,  has  been  demonstrated  to  be 
an  appropriate  model  for  the  calculation  of  distortion.  In  addition. 
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the  16  model  parameters  in  the  T-model  can  be  easily  extracted  from 
39 

measurements;  thus  the  nonlinear  T-model  can  be  used  with  relative 
ease. 


As  indicated  by  the  literature,  very  little  has  been  reported 
upon  on  RF1  effects  in  BJT  integrated  circuits.  The  object  of  this 
dissertation  is  to  study  the  RFI  effects  in  BJT  integrated  circuit 
amplifiers  by  using  NCAP. 37,60  Both  NCAP  and  the  Simulation  Program 

with  Integrated  Circuit  Emphasis  (SPICE2)  are  used  to  demonstrate 

3  4 

integrated  circuit  analysis.  *  The  user-oriented  programs  NCAP 
and  SPICE2  use  frequency  domain  analysis  to  predict  linear  and  non¬ 
linear  effects  in  electronic  circuits.  Although  these  two  programs 
are  both  capable  of  distortion  analysis,  the  program  NCAP  by  using 
the  Volterra  series  approach  to  calculate  nonlinear  transfer  func¬ 
tions  for  a  given  system  gives  more  accurate  results  for  the  nonlinear 
effect.  The  program  SPICE2  is  used  mainly  to  find  the  dc  operating 
points  for  the  transistors  in  the  integrated  circuits  and  to  predict 
the  linear  performance  of  the  circuits.  Two  typical  BJT  integrated 
circuits  are  selected  for  the  RFI  study.  One  integrated  circuit 
amplifier  uses  a  CA3026  dual  differential  pair  in  a  broadband  cascode 
amplifier.  The  differential  pair  is  selected  because  it  is  the  basic 
building  block  in  bipolar  linear  integrated  circuits.  The  other 
integrated  circuit  amplifier  uses  a  741  operational  amplifier  in  a 
unity  gain  voltage  follower  circuit.  The  741  op  amp  is  selected  be¬ 
cause  it  is  the  most  widely  used  bipolar  linear  integrated  circuit. 

To  verify  the  NCAP  RFI  analyses  the  NCAP  calculated  results  are 
compared  to  experimental  results. 
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This  dissertation  is  organized  in  the  following  manner.  In 
Chapter  Two  transistor  models  are  discussed.  In  Chapter  Three  measure¬ 
ment  techniques  for  determining  BJT  model  parameters  are  presented. 

The  techniques  described  in  Chapter  Three  are  used  to  determine  the 
parameter  values  for  the  BJT's  in  the  CA3026  differential  pair  and  741 
operational  amplifier.  The  procedures  and  results  are  described  in 
Chapter  Four.  In  Chapter  Five  the  fundamental  procedures  used  for 
nonlinear  system  analysis  are  presented.  Two  examples  of  the  basic 
nonlinear  system  analysis  procedures  are  given  in  Chapter  Six.  One 
example  involves  a  single  stage  junction  field  effect  transistor 
(JFET)  in  a  broadband  amplifier  circuit.  The  other  example  involves 
a  bipolar  junction  transistor  (BJT)  in  a  tuned  RF  amplifier  circuit. 

In  Chapter  Seven  measured  and  predicted  results  for  RFI  effects  in 
integrated  circuits  are  compared.  Briefly  the  computer  program  NCAP 
is  used  to  calculate  second-order  transfer  functions  for  the  CA3026 
differential  pair  in  a  broadband  amplifier  configuration  and  for  the 
741  op  amp  in  the  unity  gain  voltage  follower  configuration.  The  second- 
order  transfer  function  calculated  is  directly  related  to  the  low 
frequency  signal  that  appears  at  the  IC  output  terminals  when  an 
amplitude  modulated  RF  signal  is  incident  upon  the  IC  input  terminals. 

A  summary  and  conclusion  is  given  in  Chapter  Eight. 
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CHAPTER  TWO 

TRANSISTOR  MODELS  AND  PARAMETERS 

The  bipolar  junction  transistor  (BJT)  in  integrated  circuit  (IC) 
form  is  easy  to  fabricate  and  occupies  less  space  than  a  resistor  or 
capacitor.  Thus,  the  BJT  in  an  1C  costs  less  than  a  resistor  or  a 
capacitor  in  an  IC.  This  development  has  brought  a  new  era  in  elec¬ 
tronic  circuits.  Now  transistors  rather  than  conventional  components 
(resistors,  capacitors,  and  inductors)  are  used  predominantly.  As  a 

result  the  BJT  has  become  one  of  the  most  widely  used  active  devices 

1  2 

in  integrated  circuits.  * 

The  purpose  of  this  chapter  is  to  review  several  transistor  models 
used  in  linear  and  nonlinear  analysis  of  the  BJT  in  integrated  circuits. 

The  most  important  model  used  in  this  dissertation  is  the  NCAP  nonlinear 
T-model.  The  NCAP  nonlinear  T-model  is  essentially  a  small  signal  in¬ 
cremental  model.  The  nonlinear  T-model  parameters  depend  upon  the  tran¬ 
sistor  dc  operating  point.  Therefore,  an  QIC  engineer  who  wishes  to  use 
the  program  NCAP  to  analyze  an  electronic  circuit  containing  BJT's  must 
first  perform  a  dc  analysis.  For  an  electronic  circuit  containing 
several  active  devices  such  as  linear  IC's,  the  use  of  an  electronic 
circuit  analysis  program  such  as  SPICE2  or  SCEPTRE  to  perform  the  dc  analysis 
is  recommended.  For  this  reason,  the  BJT  models  used  in  SPICE2  and  SCEPTRE 
will  be  discussed.  Furthermore,  Information  on  the  BJT  model  parameters 

used  in  SPICE2  and  SCEPTRE  can  be  used  to  determine  many  (but  not  all) 

3  4  5 

of  the  NCAP  model  parameters.  ’  * 
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The  NCAP  nonlinear  T-model  is  an  incremental  model  suitable  for 
analyzing  mild  nonlinear  effects  in  electronic  circuits;  for  that  reason, 
a  review  of  linear  incremental  models  for  small  signal  analysis  is  pre¬ 
sented.  In  particular  how  the  NCAP  nonlinear  T-model  corresponds  to 
the  widely  used  hybrid-pi  model  will  be  shown.  Then  the  transition 
to  the  nonlinear  T-model  which  is  a  nonlinear  incremental  (or  ac) 
model  is  presented. 

2.1  DC  Characteristics  and  Large  Signal  Models 

In  this  section  the  large  signal  models  used  in  the  electronic 
circuit  analysis  programs  SPICE2  and  SCEPTPE  are  described.  These 
computer  programs  can  be  used  to  determine  the  dc  operating  point  of 
all  diodes  and  transistors  in  a  linear  bipolar  integrated  circuit. 

The  operating  point  information  is  one  of  the  inputs  required  by  the 
computer  program  NCAP  which  is  used  to  calculate  RFI  effects  in  linear 
bipolar  IC's. 

2.1.1  The  Basic  Ebers-Moll  Model6 

Under  usual  operating  condition,  the  dc  current-voltage  character¬ 
istic  of  BJT's  can  be  described  by  the  basic  Ebers-Moll  model.  Using 
the  standard  IEEE  notation  for  the  BJT  terminal  currents  and  voltages 
given  in  Appendix  I,  these  dc  current-voltage  relationships  are 

h  =  _IES  <e*P<qV>E/kT)-l)  +  a];Ics(exp(qV^c/kT)-l)  (2-1) 

1C  =  "Ics  (exp(qV^c/kT)-l)  +  aNIEg(exp(qV^E/kT)-l)  (2-2) 

where  the  Ebers-Moll  model  parameters  are  defined  as  follows*: 

*  Additional  Ebers-Moll  model  parameters  used  in  the  computer  program 
SCEPTRE  are  the  ideality  factors  Ref  and  Ref  for  the  emitter-base 
and  collector  base  junctions.  These  factors  appear  in  the  denominater 
of  the  exponents  in  Eqs.  (2-1)  and  (2-2). 
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I  :  emitter-base  saturation  current 
ES 

I  :  collector-base  saturation  current 
cs 

a  :  large-signal  forward- injection  common-base  short-circuit 

N 

current  gain 

a  •  large-signal  reverse- injection  common-base  short-circuit 
current  gain 


V 


k: 


emitter  ohmic  resistance 
collector  ohmic  resistance 
base  ohmic  resistance 
magnitude  electronic  charge 
Boltzmann's  constant 


T:  absolute  temperature 

3  large-signal  forward-injection  common-emitter  short- 

N 

circuit  current  gain 

3^:  large-signal  reverse- injection  common-emitter  short- 

circuit  current  gain 
Ig:  saturation  current 

where  the  junction  voltages  V  '  and  V  ’  are  related  to  the  terminal 
voltages  by  the  expressions 


Vb 

(2-3) 

xbrb 

(2-4) 

The  Ebers-Moll  model  for  a  NPN  transistor  is  illustrated  in  Figure  2-1. 
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Intrinsic  Transistor 


(b) 


FIGURE  2-1 


(a)  Physical  Structure  for  the  NPN  Transistor 

(b)  Basic  Ebers-Moll  Model  for  the  NPN  Transistor 


In  the  forward  active  region,  where  emitter-base  junction  is 
forward  biased  and  the  collector-base  junction  is  reverse  biased, 
the  Ebers-Moll  model  equations  can  be  approximated  as 


h  =  ■  hs  exP^VBE/kT> 

h  =  VeS  exp(qVB^/kT) 
Since  the  dc  base  current  is  given  by  I  =  -I 

D  L 

1^  can  be  written  as 


(2-5) 

(2-6) 

I  ,  the  base  current 
E 


h  =  (1'V  XES  exP(qVBE/kT) 


(2-7) 


We  define  the  saturation  current  I  and  parameters  8  and  BT  by: 

b  N  1 


IS  IES  aN  =  XCS  “i 


3N  =  <XN/(1~aN) 


PI  =  ai/(1~ax^ 


(2-8) 

(2-9) 

(2-10) 


Equations  (2-1)  and  (2-2)  can  be  written  as 


lE=Is{[exp(qVB^/kT)-l)-[exp (qVB^/kT)-l] }-(l/8N)Ig[exp(qVB^/kT)-l] 

(2-11) 


IC=IS(  [exp  (qVgg/kT )  -1  ]  -  [exp  (qVB^,/kT )  -1  ]  )-(l/B1)lg[exp(qVB^/kT)-l] 

(2-12) 


Based  upon  Eqs.  (2-11)  and  (2-12)  the  basic  Ebers-Moll  model  shown  in 
Figure  2-1 (b)  can  be  recast  into  the  Tr-model  illustrated  in  Figure 
2-2. 
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2.1.2  Early  Effect^ 

The  basic  Ebers-Moll  model  should  be  modified  to  include  the 
Early  effect.  J.  M.  Early  described  the  dependence  of  (a^.)  upon 
collector-base  voltage.  This  dependence  is  related  to  the  dependence 
of  base  width  upon  collector  voltage.  This  base-width  modulation 
effect  can  cause  a  non-zero  output  conductance  gQ  in  the  BJT,  i.e. 

*„  •  8VWCE  t  -WSVCE  t  >/<1-“N>2  *  0  <2'13> 


To  account  for  the  base-width  modulation  effect,  the  Early  voltage  is 
introduced.  The  Early  voltage  is  determined  as  shown  in  Figure 
2-3.  The  Ebers-Moll  ir-model  equation  for  I  defined  in  Figure  2-2 
is  thus  modified  and  becomes 

1  =  -Is{[exp(qVB^/kT)-l]-[exp(qVB^/kT)-l]}[l-VB^/VA]  (2-14) 


g 

2.1.3  Diffusion  Capacitances  and  Junction  Capacitances 

The  large  signal  models  in  SPICE2  and  SCEPTRE  also  account  for 
the  stored  charges  in  the  BJT.  In  modeling  the  stored  charges  in 
transistors,  diffusion  and  junction  capacitances  both  have  to  be 
considered.  A  suitable  model  is  shown  in  Figure  2-4  with  the 
capacitances  defined  as 


emitter-base  junction  capacitance 
emitter-base  diffusion  capacitance 
collector-base  junction  capacitance 
collector-base  diffusion  capacitance 
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The  nonlinear  charge  stored  in  the  base-emitter  region  is  denoted  by 


Q__,  and  in  the  base-collector  region  is  denoted  by  Q„_.  These  are 

D&  fit 


given  by 


V  1 
t  BE 


<5bE  ■  ,FISleXP<,VBE/kT)“l|  +  Cjeo 


-m 


(1-(V/$E))  dV  (2-15) 


V  ’ 
r  BC 


%C  =  TRISteXp(qVBC/kT)‘11  +  Cj 


CO 


-m 


(1-(V/4>C))  dV  (2-16) 


When  the  individual  terms  in  the  charge  expressions  are  differ¬ 
entiated  with  respect  to  the  appropriate  junction  voltage,  we  obtain 
the  following  expressions  for  the  capacitances: 


-m 


Cje  =  Cjeo  <1-<V/$E»  * 

(2-17) 

-m 

Cjc  -  Cjco  C 

(2-18) 

Cb  =  TF(qIs/kT)exp(<lVBE/kT)  =  TFqlIcl/,kT 

(2-19) 

Cd  =  TR(qIs/kT)exp(qVB^,/kT)  *  TRq  |  IR  |  /kT 

(2-20) 

where  the  symbols  introduced  have  the  following  definitions: 


■«  .  • 
jeo 

•*  .  • 
jco 


m  : 
e 

m  : 
c 


V 

V 


V 


V 


emitter-base  junction  capacitance  at  zero  bias 
collector-base  junction  capacitance  at  zero  bias 
emitter-base  capacitance  exponent 
collector-base  capacitance  exponent 
emitter-base  built-in  potential 
collector-base  built-in  potential 
forward  transit  time 

reverse  transit  time 
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In  Eq.  (2-19)  the  relationship  q|lc|/kT  is  valid  when  the 

BJT  is  operated  in  the  normal  region,  and  in  Eq.  (2-20)  the  relation¬ 
ship  »  tRq  |  Ij,  |  /kT  is  valid  when  the  BJT  is  operated  in  the  in¬ 
verse  region. 

9  10 

2.1.4  Bias  Dependance  of  Current  Gain  * 

The  computer  program  NCAP  accounts  for  the  variation  in  the  dc 

common-emitter  short-circuit  current  gain  parameter  3M  (h_  in  NCAP) . 

N  FE 

The  dc  common-emitter  short-circuit  current  gain  parameter  3N 
varies  with  the  value  of  the  dc  collector  current  I  .  At  low 

v 

collector  current  levels  generation-recombination  processes  in  the 
collector-base  depletion  region  causes  a  decrease  in  BN  values.  At 
high  collector  currents  high-level  injection  effects  in  the  neutral- 
base  region  cause  a  decrease  in  $N*  At  high  collector  current  levels 
there  may  also  be  an  increase  in  the  width  of  the  neutral-base  region. 
(This  effect  is  called  base  push-out.)  In  the  computer  program  NCAP 
the  dependance  of  the  parameter  3„  (called  h,,-  in  NCAP)  is  accounted 
for  by  the  empirical  relationship: 

•  hFE  '  hFE»ax/a+a  ^ <VW>  <2‘21> 

where  h„„  is  the  maximum  beta  value  and  I.  is  the  collector 
FEmax  Cmax 

current  level  at  which  3„  =  hD„ 

N  FEmax 
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11  12 

2.1.5  Impact  Ionization  * 

The  computer  program  NCAP  also  accounts  for  avalanche  effects  in 
the  collector-base  junction.  The  collector  current  for  uniform 
avalanche  multiplication  in  the  collector  base  depletion  region  is 
given  by 

IC  =  "  aNMIE  (2-22) 

where  M  the  multiplication  factor  is  given  empirically  by 

»■  1'<1-<Vcb'vcbo>">  (2-23> 

The  parameter  V  is  the  open-emitter  common-base  breakdown  voltage 
CBU 

and  the  exponent  n  is  a  constant  of  the  order  of  2  to  4  for  silicon. 

At  low  collector-base  voltages  M  is  close  to  unity,  and  it  increases 
as  the  voltage  increases. 

Under  the  open-base  common-emitter  condition,  collector-emitter 

voltages  will  reach  a  breakdown  voltage  V  _  at  which  the  current 

OEU 

I„(or  I  )  is  limited  only  by  the  external  resistance  in  the  circuit. 

The  emitter-base  breakdown  voltage  V„  is  given  by 

OEU 

’CEO  '  VCBO  <2'24> 

For  high  gain  transistors,  the  breakdown  voltage  of  V  is  usually 

CEO 

much  less  than  VCBQ.  The  parameters  VCBQ  and  n  are  used  in  NCAP  but 
not  in  SPICE2  or  SCEPTRE.  These  parameters  can  also  be  determined  from 
the  BJT  common-emitter  characteristics  using  Eq.  (2-24). 
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2.1.6  High  Current  Effects 


13,14 

At  high  current  levels  the  basic  Ebers-Moll  current-voltage 
equations  have  to  be  modified  to  account  for  additional  effects.  One 
effect  is  called  the  base  push-out  effect.  The  base  push-out  effect 
is  associated  with  the  excessive  amount  of  forward  diffusion  charges 
stored  in  the  base  region.  These  charges  cause  a  shift  in  the  location 
of  the  collector-base  depletion  layer  region.  Another  effect  at  high 
current  levels  is  the  conductivity  modulation  effect.  The  high  level 
of  the  injected  minority  carriers  in  the  base  region  causes  an  in¬ 
crease  in  the  base  material  conductivity,  and  an  increase  in  the 
recombination  rate  in  the  base  region.  The  base  push-out  effect  and 
the  conductivity  modulation  effect  both  contribute  to  the  decrease  in 
the  parameter  8  ,  (h  )  at  high  current  levels.  In  NCAP  the  decrease 
in  the  parameter  6„  (h  )  is  accounted  for  by  using  Eq.  (2-21).  In 
the  basic  Ebers-Moll  model  used  in  SPICE2  and  SCEPTRE,  these  effects 
are  not  accounted  for  at  all.  However,  in  SPICE2  a  more  complete  BJT 
model  called  the  Integral  Charge  Control  Model  (ICM)  is  available, 
and  this  model  does  account  for  high  level  injection  by  introducing 
additional  model  parameters.^’^ 

2.1.7  Temperature  Effects'1" 

The  actual  BJT  junction  temperature  is  a  significant  parameter. 

In  some  computer  programs  such  as  SPICE2,  the  BJT  operating  temperature 
T  can  be  specified.  In  other  computer  programs  such  as  NCAP,  the  junction 
operating  temperature  can  not  be  specified  directly.  Fortunately,  a 
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subterfuge  can  be  used  to  account  for  the  junction  temperature  T  in 
the  expression  (qVgg/ (Ref )kT) .  The  parameter  Ref  called  the  diode  non¬ 
ideality  factor  can  be  modified  to  account  for  a  junction  temperature 
different  from  300  K.  For  example  if  the  actual  values  are  T  =  390  K 
and  Ref  =  1.0,  the  values  T  =  300  K  and  Ref  =  1.3  can  be  used.  The 
main  point  is  that  the  product  (Ref)*(kT)  has  the  same  value.  This 
subterfuge  does  not  account  for  the  temperature  variations  in  the 

parameters  h_„  and  I„  which  account  for  the  variations  in  6 
FEmax  Cmax  N 

(hpE)  with  1^.  The  BJT  junction  tempeature  T  can  be  estimated 
from  data  provided  by  the  manufacturer  for  a  small  signal  transistor 
such  as  a  2N918.  The  junction  temperature  T  is  estimated  to  increase 
1  °C  per  milliwatt  dissipated  power.  For  a  higher  power  transistor 
such  as  a  2N5109,  the  junction  temperature  increase  is  estimated  to 
be  0.2  °C  per  milliwatt  dissipated  power. 

2.2  Linear  Dynamic  Characteristics  and  Small  Signal  Models 

As  stated  previously  the  NCAP  nonlinear  T-model  is  an  incremental 
(ac)  model  suitable  for  analyzing  mild  nonlinear  effects  in  integrated 
circuits.  Before  discussing  the  NCAP  nonlinear  T-model  it  seems  desir¬ 
able  to  review  the  linear  incremental  models  frequently  used  for  small 
signal  analysis.  In  this  way  it  is  possible  to  show  how  the  NCAP  non¬ 
linear  T-model  corresponds  to  the  linear  T-model  and  the  widely  used 
hybrid-pi  model. 

If  the  BJT  is  considered  as  a  two  port  network,  different  repre¬ 
sentations  such  as  y-parameters,  z-parameters,  h-parameters,  and 

s-parameters,  etc.,  can  be  used  to  predict  the  linear  dynamic  behavior 
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of  the  BJT.  The  adequacy  of  the  modelling  and  the  ease  of  determining 
the  model  parameters  often  determine  how  frequently  these  models  are 
used  by  engineers. 

Among  the  different  representations,  the  y-parameter  representa¬ 
tion  can  be  converted  quite  easily  into  a  T-model  small  signal  equivalent 
circuit.  Since  the  T-model  is  used  in  the  computer  program  NCAP  in 
the  analysis  of  BJT's,  the  derivations  for  both  the  low  and  high 
frequency  T-models  are  briefly  reviewed  in  this  section.  Also  presented 
is  the  hybrid-pi  model  used  in  the  computer  analysis  program  SPICE2. 

2.2.1  Linear  T-Model  at  Low  Frequencies 

The  linear  T-model  will  be  developed  first  for  the  intrinsic 

transistor.  Intrinsic  transistor  large  signal  models  can  be  obtained 

from  the  large  signal  models  shown  in  Figures  2-1  (b),  2-2  and  2-4 

by  setting  the  parasitic  resistances  R„,  R„_,  and  R  equal  to  zero. 

d  bh  bL 

Then  the  external  transistor  terminals  E,  B,  and  C  and  the  internal  model 
nodes  E' ,  B' ,  and  C'  are  identical  as  shown  in  Figure  2-5. 


Using  the  notation  given  in  Appendix  I,  the  y-parameter  repre¬ 
sentation  for  an  intrinsic  transistor  in  the  common-base  configuration 
is  given  as 


ibVeb  +  yrbVcb 

(2-25) 

fbVeb  +  yobVcb 

(2-26) 

where  i  .  v  t  and  i  ,  v  .  are  intrinsic  small  signal  currents  and 
e  eb  c  cb 

voltages  for  the  internal  emitter-base  and  collector-base  junctions 


respectively.  (See  Figure  2-5.)  The  symbol  '  is  used  to  denote  in¬ 
trinsic  voltages.  In  the  intrinsic  transistor  model  the  ohmic  resis¬ 
tances  R  ,  R_,  and  Ror,  illustrated  in  Figure  2-1  are  omitted.  The 
bh  d  bu 

conventional  circuit  model  used  to  illustrate  the  y-parameter  is 
given  in  Figure  2-6.  Using  Thevenin's  theorem,  the  small  signal  equiv¬ 
alent  circuit  shown  in  Figure  2-7  is  obtained  from  Figure  2-6. 

Using  Figures  2-6  or  2-7,  the  standard  definition  for  the  y-parameters 
can  be  given.  Using  standard  IEEE  notation  for  the  total  instantaneous 
variables,  the  equations  defining  y-parameters  can  be  written  as 


lb  ■  s1e/8veb 

1  v’ 
CB 

=  V' 

CB 

(2-27) 

rb  =  3iE/3vCB 

1  v' 

EB 

=  V’ 

EB 

(2-28) 

fb  =  V3VEB 

1  v' 
CB 

=  V’ 

CB 

(2-29) 

ob  =  3V3VCB 

1  v’ 

EB 

=  V' 

EB 

(2-30) 

The  total  instantaneous  emitter  current  i  and  collector  current  i 

E  C 

are  given  by 

iE  =  XE  +  dt  ^BE8  (2-31) 

4c  •  xc  +  3F  «bc>  <2-32) 

If  the  Early  effect  is  not  considered,  we  can  find  the  y-parameters 
using  Eqs.  (2-1),  (2-2),  (2-15),  and  (2-16).  When  the  BJT  is  operated 
in  the  normal  region  at  low  frequencies,  the  results  are 


FIGURE  2-6 


Conventional  Circuit  Model  Illustrating  y-Parameters 


Vob-Urbyfb'/yib 


b 


FIGURE  2-7 


Small  Signal  Equivalent  Circuit  in  Turns  of  Admittances 


(2-33) 


yib  =  q  I  I  1  (kT) 

yrb  =  clIICS  ex^qVBC/kT)  q/(kT>  “  0 
yfb  ‘  V  1  *E  I  /(“T) 

yob  ‘  ICSeiI1'(,lVEC/kT>V  <«> 

.=  0 

where  Eqs.  (2-33)  -  (2-36)  are  obtained  without  considering  the  capacitive 
effects. 

If  the  Early  effect  (the  base-width  modulation  effect)  is  con¬ 
sidered,  the  magnitudes  of  admittances  and  y  ^  have  to  be  modified. 
However,  the  magnitudes  of  y^  and  remain  the  same  because  they 

are  not  affected  by  the  Early  effect.  The  corrections  for  the  Early 
effect  can  be  obtained  using  the  circuit  shown  in  Figure  2-2  to  obtain 

expressions  for  the  dc  collector  current  I  and  emitter  current  I  . 

t  E 

Using  Eq.  (2-14)  for  the  current  I  illustrated  in  Figure  2-2,  the 

approximate  expressions  for  the  dc  collector  current  I  and  emitter 

current  I  ;  normal  operating  conditions  for  the  BJT  are 
E 

Ic  •  -Is(«p(,V^/kT)U-VBC/VA)  (2-37) 

I£  -  -Is(eXp(<,V’B/kT))U-V^/VA)(l+l/B[1)(2-38) 

Next  using  the  definitions  for  y  and  y given  by  Eqs.  (2-28)  and 
(2-30),  the  following  results  are  obtained: 


(2-34) 

(2-35) 

(2-36) 


: 1  ' _ 
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(2-39) 


yib = 

1/re 

y  - 

I  /V 

rb 

C  A 

yfb  = 

aN/re 

yob  = 

VVA 

where  the  resistance  parameter  rg  is  defined  by 

re  =  kT/qjlE| 


(2-40) 

(2-41) 

(2-42) 


(2-43) 


It  is  noted  that  the  Early  effect  adds  a  nonzero  real  part  to  y  and 
yob* 


The  next  step  in  developing  the  linear  T-model  equivalent  circuit 
is  to  use  Eqs.  (2-39),  (2-40),  (2-41),  and  (2-42)  to  obtain  expressions 
for  the  circuit  elements  shown  in  Figure  2-7.  The  resulting  expressions 
are 

yib 


,  =  1/re 

(2-44) 

rb/yib)  vcb 

‘  ~  <  Wre  vcb 

(2-45) 

”yrbyfb/yib 

*  l/re 

(2-46) 

fb^ib*  ie  ° 

•  a„i 

N  e 

(2-47) 

where  the  resistance  parameter  r£  Is  defined  by 


rc "  ('VIc^(1-<V 


and  the  voltage  parameter  v  is  defined  by 
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(2-48) 


(2-49) 


v 

a 


-<vv 


r 

e 


The  next  step  in  developing  the  linear  T-model  is  to  insert  the 

capacitors  C,  ,  C.,  C.  ,  and  C.  to  account  for  the  energy  storage 
b’  d  je  jc 

elements  in  the  transistor.  The  resulting  linear  T-model  is  shown  in 

Figure  2-8(a).  The  collector  capacitor  Cd  is  neglected  because 

is  small  compared  to  the  capacitance  C.  in  the  collector-base  junction 

J  C 

when  the  transistor  is  operated  in  the  normal  region.  Equations  (2-45) 
(2-46)  and  (2-47)  are  valid  only  at  frequencies  where  and  yob  are 
real.  Equation  (2-44)  is  valid  up  to  frequencies  where  the  transistor 
short-circuit  current  gain  approaches  unity,  however.  Equation  (2-46) 
appears  valid  at  frequencies  only  up  to  near  10  MHz.  In  order  to  obtain 
the  linear  T-model  used  in  NCAP,  shown  in  Figure  2-8 (b)  it  is  necessary 
to  ignore  the  voltage  source  v  in  the  emitter-base  branch.  This  is 

cl 

valid  only  when  the  Early  voltage  VA  is  sufficiently  large. 


2.2.2  Linear  T-Model  at  High  Frequencies 


At  high  frequencies,  neither  the  parasitic  resistances  nor  capac¬ 
itances  can  be  ignored.  The  high  frequency  equivalent  circuit  including 
parasitic  elements  developed  by  Abraham  is  shown  in  Figure  2-9.  In 
Figure  2-9,  the  capacitances  C^,  C^>  and  represent  direct  parasitic 
capacitances  between  the  various  transistor  terminals,  and  the  resis¬ 
tances  r^' ,  rc’ ,  and  rg'  represent  bulk  parasitic  resistances  in  series 
with  the  intrinsic  transistor  terminals.  These  parasitic  elements 
can  also  be  added  to  the  basic  linear  T-model  shown  in  Figure  2-8. 

Thus,  these  parasitic  elements  can  be  easily  incorporated  into  NCAP 
as  external  elements.  The  significant  difference  between  the  basic 
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T-model  shown  in  Figure  2-8  and  Abraham’s  model  shown  in  Figure  2-9 
is  that  the  base  diffusion  capacitance  in  Figure  2-8  is  replaced 
by  a  series  R-C  combination.  In  this  way  Abraham’s  model  accounts 
for  the  transit  time  effect  in  the  neutral  base  region.  For  addi¬ 
tional  information  on  this  model  the  reader  is  referred  to  Abraham's 
original  paper. ^ 


(b) 


FIGURE  2-8  Low  to  Medium  Frequency  Equivalent  Circuits  for  BJT's 

(a)  Large  Early  Effect  Model  (b)  Small  Early  Effect 
Model 
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2.2.3  Linear  Hybrid-Pi  Equivalent  Circuit 


The  linear  hybrid-pi  equivalent  circuit  is  used  in  the  computer 
program  SP1CE2  to  calculate  the  linear  small  signal  performance  of 
BJT  circuits.  The  linear  incremental  hybrid-pi  model  shown  in  Figure 
2-10  can  be  developed  from  the  large  signal  ir-model  shown  in  Figure 
2-4.  In  Figure  2-10  the  resistors  r  and  r  are  the  dynamic  resis- 

P  IT 

tances  of  the  diodes  D.  and  D„  shown  in  Figure  2-4.  The  transconduc- 

tance  parameter  g^  is  essentially  the  derivative  3I/^VBE  where  I  is 

given  by  Eq.  (2-14).  The  resistance  parameter  r arises  from  the  base- 

width  modulation  effect,  and  the  value  of  r^  is  approximately  equal  to 

r  /ft.  Detailed  derivations  of  the  hybrid-pi  model  can  be  found  in  Ref.  (18). 
p  N 

The  hybrid-pi  model  can  be  shown  to  be  equivalent  to  the  linear 

T-model  for  the  usual  case  where  the  resistance  r  is  large.  To 

v 

establish  this  equivalence  the  internal  collector  current  i^  at  low 
frequencies  can  be  written  as : 


i  =  g  v, 
c  m  be 


=  SbVtt 


(2-50) 


Next  substituting  i  =  6  1,  into  Eq.  (2-50),  we  have 

C  N  D 


*m  =  V\ 


(2-51) 
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Next  the  emitter  current  i 

i  =  i 
e 


e 


c 


can  be  written  as 


+  i 


b 


-  +  vbe/r„ 

'  (1  +  V  ’be",  <2'52) 


Defining  the  resistance  r  by  the  equation 


+  V 


i  =  v,  /r 
e  be  e 


and  using  Eqs.  (2-51)  and  (2-54),  we  obtain 


i  =  g  v, 
c  be 


V  t»/c. 


Vbe/(re(l  +  V> 


a  „v,  /  r 
N  be  e 


where 


“N  =  V(1  +  V 


(2-53) 

(2-54) 


(2-55) 

(2-56) 


Equations  (2-54)  and  (2-55)  demonstrate  the  equivalence  between  the 

hybrid-pi  model  and  the  T-model.  The  parameters  g  and  r  in  the 

m  it 

hybrid-pi  model  transform  to  the  parameters  a,,  and  r  in  the  linear 

N  e 

T-model.  The  capacitive  elements  are  identically  the  same  in  each 
model. 
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2.3  Quasi-Linear  Incremental  Models 

When  the  amplitudes  of  the  signal  variations  are  sufficiently 
small,  the  linear  incremental  models  just  presented  are  valid.  When 
the  amplitudes  of  the  signal  variations  are  very  large,  the  large 
signal  Ebers-Moll  model  should  be  used.  Of  interest  to  us  is  the 
intermediate  case  where  the  amplitudes  of  the  signal  variations  are 
not  large  compared  to  the  dc  values  of  the  transistor  currents  and 
voltages  but  are  large  enough  to  cause  weak  nonlinear  effects.  This 
case  is  often  called  the  quasi-linear  case.  Recall  that  the  deriva¬ 
tion  for  the  linear  model  was  based  upon  the  expressions  for  the 
y-parameters  given  by  the  Eqs.  (2-27)  to  (2-30).  The  y-parameters 
expressions  included  only  the  first-order  derivatives  of  the  total 
terminal  currents  with  respect  to  the  total  terminal  voltages.  To 
account  for  weak  nonlinear  effects  the  higher-order  derivatives  (such 
as  second-order  and  third-order)  will  be  considered.  (Although  in  this 
dissertation  only  the  second  and  the  third-order  derivatives  will 
be  considered,  the  computer  program  NCAP  includes  derivatives  of  order 
greater  than  the  third-order.) 

Before  presenting  detailed  mathematical  expressions,  it  is 
instructive  to  show  the  circuit  configuration  of  the  nonlinear-incre¬ 
mental  models  for  the  BJT.  First  let  us  consider  a  nonlinear-incre¬ 
mental  r-model  which  is  based  upon  the  large  signal  Ti-model  shown  in 
Figure  2-4.  In  Figure  2-4  the  •n-model  currents  I’,  I'  and  I  can 
be  expressed  in  terms  of  a  Taylor  series.  The  number  of  terms  included 
in  the  Taylor  series  depends  upon  the  order  of  the  distortion  analysis 
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to  be  performed.  Shown  in  Figure  2-11  is  a  nonlinear  incremental 
ir-model  with  three  current  generators.  Each  current  generator  corresponds 
to  the  appropriate  Taylor  series  expansion  for  the  current  generators 
I’  ,  I'  and. I.  (The  dc  components  are  omitted.)  Although  several 

19  20  21 

investigators  have  used  this  model,  it  is  not  the  model  used  in  NCAP.  ’  * 

The  NCAP  nonlinear  incremental  T-model  is  shown  in  Figure  2-12. 

As  presented  in  Figure  2-12,  the  nonlinear  T-model  differs  from 
the  linear  incremental  T-model  shown  in  Figure  2-8  in  the  following 
aspects: 

1.  The  base-emitter  resistor  rg  has  been  replaced  by  the  non¬ 
linear  incremental  current  generator  KCV2)  for  the  base- 
emitter  junction  exponential  nonlinearity.  (The  node 
voltages  V^,  and  are  illustrated  in  Figure  2-12.) 

2.  The  collector  capacitances  C^c  and  Cd  have  been  replaced 
by  the  nonlinear  incremental  current  generator  yc(v^~v2^ ' 

3.  The  linear  dependent  current  source  aNv2^re  has  been  re_ 
placed  by  the  nonlinear  incremental  dependent  current 
generator  g^jV^-v^)  which  includes  both  the  hF£  non¬ 
linearity  and  the  avalanche  nonlinearity. 

4.  The  emitter  capacitances  C.  and  C,  have  been  represented 

je  d 

by  the  nonlinear  incremental  current  generator  "Vg^)* 

5.  Parasitic  elements  shown  in  Figure  2-9  such  as  the  bulk 

resistances  r  '  and  r  '  and  the  parasitic  capacitance  C. 

e  c  <■ 

between  emitter  and  collector  terminals  are  not  included 
in  the  model.  They  may  be  added  as  external  components  by 
the  NCAP  user. 
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FIGURE  2-11.  Nonlinear  Incremental  ir -Model.  Note  that  the  Nonlinear 
Behavior  of  Capacitors  Is  not  Explicitly  Expressed  in 
this  Model. 


FIGURE  2-12.  Nonlinear  Incremental  T-Model.  Note  that  the  Emitter 
Is  Assumed  to  Be  the  Datum  Node. 
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In  the  remainder  of  this  section  we  shall  derive  expressions  for 
three  of  the  four  nonlinear  current  generators  in  the  NCAP  nonlinear 
incremental  T-model.  Specifically  expressions  for  the  current  gener¬ 
ators  K(v2>,  Tc(v3  ~  and  g(v2»  v^  -  v^)  will  be  presented  up  to 
the  third  order.  An  expression  for  the  current  generator  -^(Vj)  is 
derived  in  Section  3.2.2.  However,  the  computer  program  NCAP  does  account 
for  all  four  current  generators.  The  nonlinear  current  generators  in 
the  NCAP  nonlinear  T-model  exhibit  three  of  the  four  basic  nonlinear 
components  available  in  NCAP.  The  four  basic  nonlinear  components 
available  in  NCAP  are  the  nonlinear  resistor,  the  nonlinear  capacitor, 
the  nonlinear  inductor  and  the  nonlinear  voltage-dependent  current 
source.  We  shall  begin  with  a  discussion  of  the  basic  nonlinear 
components.  Then  we  shall  consider  the  NCAP  nonlinear  T-model  current 
generators . 

2.3.1  Nonlinear  Resistor 

A  nonlinear  resistor  can  be  characterized  by  a  current-voltage 
relationship  ig(vR).  We  can  expand  the  nonlinear  characteristic 
current  iR  about  its  dc  operating  point  (IR,  VR)  as  follows: 

h-h*  ‘V^L  .  v  >(VR -  V 

K  K 

*  .  v.^,,  -  v2 

K  R 

+  (1/6)0\/3vr3|  .  )(vR  -  VR)3 

K  R 

+  higher-order  terms  (2-57) 
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Let  us  express  the  incremental  resistor  current  i  by  i  = 

r  r 

1R_IR  311(1  the  incremental  voltage  v  by  v  =  v  -VD.  From  Eq.  (2-57) 
^  r  r  K  K 

we  obtain 

2  3 

ir  =  K^vr  +  K2vr  +  K^vr  +  higher-order  terms  (2-58) 

where 


K1  ■  VavR|v  .  V 

(2-59) 

1  R  R 

K2  .  a/2)(32iR/3v  2|  ,  , 

(2-60) 

1  R  R 

K3-  <1/6,03V3vr3|  ) 

(2-61) 

2.3.2  Nonlinear  Capacitor 

A  nonlinear  capacitor  can  be  characterized  by  a  charge-voltage 
relationship  9C(VC)»  where  qc  is  the  charge  stored  in  the  capacitor, 
and  v^,  is  the  voltage  across  the  capacitor.  The  Taylor  series  expansion 
for  the  charge  about  its  dc  operating  point  is 


+  a/2)o2V8vc2|vc  -  v^c  -  V2 

+  a/6)(33qc/Svc3|Vc  ,  V(Mvc  -  Vc)3 
+  higher-order  terms  (2-62) 

Let  the  incremental  charge  q  =  q  -  Q  and  the  incremental  voltage 

C  Li  U 

v  =  v_  -  V_.  Then  the  charge  q  is  given  by 
c  C  C  c 

2  3 

q  =  C..V  +  C„v  +  C_v  +  higher-order  terms  (2-63) 

C  X  C  —  C  c 


(2-64) 


and  the  incremental  capacitor  current  dq^/dt  is  given  by 
ic  =  C1(dvc/dt)  +  C2(dvc2/dt)  +  C3(dvc3/dt) 

+  higher-order  terms 

where 

C1  •  8’c/3vc|v.  -  V  <2'65> 

V> 

C2  =  (l/2)(32qc/3vc2|v  =  v  )  =  (1/2)(3C1/3VC)  (2-66) 

C  0 

C3  =  (l/6)(33qc/3vc3|v  =  v  )  =  (1/6)(32C1/3Vc2)  (2-67) 

C  G 

2.3.3  Nonlinear  Inductor 


A  nonlinear  inductor  can  be  characterized  by  a  current-flux  rela¬ 
tionship  i^^)  where  i^  is  the  current  through  the  inductor  and  <j>L 
is  the  stored  inductor  flux.  The  Taylor  series  expansion  of  i  ($  ) 

L  jL 

about  its  dc  operating  point  is 


*L- 


!l  +  (3iL/3*L 


-  V 


+  (1/2)(321l/3*l2 


V 


+  wwiiVVl,  .  t  v3 

jL  L 

+  higher-order  terms  (2-68) 

Let  the  incremental  flux  <b£  =  -  $L  and  the  incremental  inductor 

current  i  *  i  -  It .  Then  Eq.  (2-68)  becomes 

1  -  Yi*t  +  +  Y3^i3  +  hi8her“order  terms  (2-69) 
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where 


=  3i  /3<j>  I  .  . 

L  LI*L  *l 

(2-70) 

'  <l/2)(S2iL/3*L2|  ,  > 

L  1j 

(2-71) 

■  a/6>o\/D*L3|  ,  > 

(2-72) 

2.3.4  Nonlinear  Dependent  Current  Source 

A  nonlinear  dependent  current  source  is  illustrated  in  Figure 


2-13: 


>-■  -  .  . 

l  n 

y>  —  i  ■ 

.  < 

r 

- - -c 

f(v,  ,v. 

L _ U 

- <3 

+ 

Vu 


FIGURE  2-13.  Nonlinear  Dependent  Current  Source 

The  nonlinear  dependent  current  source  f(vx>  v^)  is  dependent 
upon  voltages  vx  and  vy.  If  we  expand  the  current  source  f(vx>  vy) 
about  its  dc  operating  point  (V  ,  V  ),  we  obtain 


f  =  fdc  +  <9f/3vx|  (vx,vY)  =  (Vx,VY))(vX  ~  V 


+  (3f/3vy | (Vx>Vy)  =  (Vx,Vy))(vY  "  V 
+  (1/2)<82,/9''x2|(vx,v?)  -  <.Vy)^X  -  V2 

+  <l/2H»2f/V|(vrvY)  -  -  V2 

+  (3  f/3vx3vy|(v  >vi  .  (V  V  )><VV(W 

X  1  A  I 


+  higher-order  terms 


(2-73) 


The  incremental  voltages  v  and  v  are  given  by  v  =  v  -  V  and 

x  y  x  x  a 

v  *  v„.  -  V„,  and  the  incremental  current  i  is  given  by  i  =  f  -  f  ,  . 
y  Y  Y  y  y  dc 

Then  Eq.  (2-73)  becomes 


i  -  G(v  ,v  ) 
y  x  y 


810Vx  +  g01Vy  +  g20Vx2  +g02Vy2  +  gllVxVy 


+  higher-order  terms 


where 


n  Ttl  tl  a  -]  q 

=  Z  g  v  v  m,n  =  0,1,2,... 

m,n  “ran  x  y  * 

g  =0 
oo 


(2-74) 


810  =  (af/3vx  (vx,vy)  =  (VX,VY)^ 


(2-75) 


g01  -  (3f/3vY|(vx,vY)  =  (yx,vY)} 

g20  *  (1/2) o2f/avx2| <Vx,Vy>  =  (vx,vy)} 
gQ2  -  (l/2)02f/3vy2|(Vx>v  .  (vv> 

gn  -  (92f /3vx3vy J  (v^,Vy)  =  (Vx,Vy)) 


(2-76) 


(2-77) 


(2-78) 


(2-79) 
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'30  '  U/«03f»vx3|(vV  , 

(Vx.vy)) 

(2-80) 

'21  -  <1/6)(33f/S''x23''Y|(vx,v?) 

■  <VX-VY)) 

(2-81) 

!12  *  <l/‘K»3f/»»x»vlt2|(Vx.yY) 

■  ‘vv’ 

(2-82) 

'03  '  <1/6>C33£/3Vi|(v1.,vy)  - 

(vx.vy)) 

(2-83) 

2.3.5  The  Nonlinear  Current  Generator  K(v^)  and  the  Emitter-Base 
Nonlinear  Resistive  Coefficients 


If  the  transistor  is  operated  in  the  normal  region,  the  total 

instantaneous  emitter  current  i  expressed  by  Eq.  (2-5)  can  be 

E 

approximated  at  low  frequencies  as 


iE  =  -IESexP(<lvBE/RefkT)  (2-84) 

where  the  ideality  factor  Ref  used  in  NCAP  and  SCEPTRE  has  been  included. 

Using  a  Taylor's  series  expansion  about  the  operating  point  (I  ,  V  _), 

E  BE 

Equation  (2-84)  can  be  expanded  as 


*E  '  ‘E  +n!ia/";)(v»E  -  VBE>n<3,>1E/avBEn|(v„  -  »„„)>  <2'85> 

BE  BE 

We  define  the  nonlinear  current  generator  K(v^)  using  the  relationships 


K<v2>  ■  iE  -  Ie 


v  =  v  —  V 
2  BE  BE 


where  we  continue  to  assume  the  emitter  is  the  datum  node. 
Fron  Eqs.  (2-57)  and  (2-58),  we  obtain 


K(v2)  -n|ia/,.:)V20(9niE/8vBEn|(v„  -V  )> 

BE  BE 


(2-86) 

(2-87) 

(2-88) 
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When  the  BJT  is  operated  in  the  normal  region  and  when  the 
magnitude  of  the  collector-base  voltage  is  large,  the  collector  base 
capacitance  term  given  by  the  sum  of  Eqs.  (2-18)  and  (2-20)  can  be 
approximated  as 

CBC  “  (2"92) 

where  k  is  the  scale  factor,  m  the  capacitance  exponent,  and  V_,D  the 

C  CB 

reverse  bias  voltage  of  the  base-collector  junction.  Note  that  the 
assumption  |V  )»|$  |  is  being  made. 

Referring  to  Eq.  (2-64),  the  capacitance  nonlinearity  can  be 
represented  by  a  current  source 
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Yc(v3  ~  v2>  =  c1<d(v3  ~  v2>/dt)  +  C2(d(v3  -  v2)2/dt) 

+  C3(d(v3  -  v2)^/dt)  +  higher-order  terms  (2-93) 

with  the  nonlinear  coefficients  defined  by  Eqs.  (2-65)  -  (2-67). 

Note  that  the  coefficient  in  Eq.  (2-65)  is  identical  to  the  capacitance 
C,.,,  given  by  Eq.  (2-92).  The  collector-base  nonlinear  capacitance 
coefficients  are  given  by 

ci  -  Hvcb|^  (2~94) 

C2  =  -(l/2)kmc|vCB|"mc  '  1  (2-95) 

C,  =  (l/6)km  (m  +  l)jV  j-mc  "  2  (2-96) 

J  c  c  |  CB | 

2.3.7  The  Nonlinear  Current  Generator  g(v2,  v^  -  v^)  and  the 
Dependent  Current  Source  Nonlinear  Coefficients 


From  Eqs.  (2-9),  and  (2-22),  the  total  instantaneous  collector 
current  i  can  be  related  to  the  total  instantaneous  emitter  current 

v 

i,,  in  the  following  manner: 

£< 

ic(l  +  hFE)/hF£  =  Mi£  (2-97) 


Again,  applying  a  Taylor  series  expansion  at  the  operating  point 

(V  , I  )  to  both  sides  of  the  above  equation,  we  obtain 
Co  C 


iC(1  +  hFE)/hFE|(V  ,1  )  +  n=l  (1/n’')(iC  “  V 
Co  C 

.O  (ic(i  +  hFE)/hFE)/aic  |(v  r  )) 

Co  C 


(IE  +  V 


(2-98) 
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Equation  (2-23)  for  M  is  repeated  below 

»-  !/(!  -  <VCB/VCBO>n>  <2-23> 

If  we  assume  the  current  Ic  varies  slowly  enough  that  capacitive 
effects  are  negligible,  and  also  if  we  neglect  the  resistance  rc  in  the 
collector,  then  the  nonlinear  dependent  current  generator  g(v£,  v^-v^) 
is  defined  by  the  relationship 

S(V2’V3  "  V  '  iC  "  XC  (2_99) 

where 

V3  '  V1  =  VCB  -  VCB  (2-100) 

Next  we  equate  the  first  order  incremental  terms  on  both  sides  of  Eq. 

(2-98)  and  by  using  Eqs.  (2-99)  to  (2-101)  obtain  the  result 

Xd/nDg^.Vj  -  v1)”(s"(ictt+hFE)/hrE)/31c”|(  ) 

Ld  L 

-  v1)"(3V3vCB“|  )IE  +  Mie  (2-102) 

C* 

* 

where  higher-order  terms  in  the  expression  Mie  have  been  ignored. 

Now  we  define  the  parameters  z  and  an  by  expressions 

*  -nl1(l/n!)(v3  -  v1)n(3°M/»vCB"| (vi))Ie  +  (2-103) 

Cd  C 

and  an  =  (l/n:)(3n(ic(l  +  hFE)/hFE)/3icn|(v  >I})  (2-104) 

CB  C 

Equation  (2-102)  becomes 

nil  ang(v2’v3  ~  vl>“  =  z  (2-105) 

Here  only  the  first  order  incremental  terms  are  considered  for  simplicity. 
This  simplification  is  only  true  when  the  transistor  is  operated  at  a 
region  far  away  from  that  of  avalanche.  A  complete  treatment  which  in¬ 
cludes  all  higher-order  terms  can  be  found  in  Ref.  (40). 
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Assuming  that  the  power  series  expression  given  in  Eq.  (2-104)  can  be 
inverted,  a  compositional  inverse  power  series  in  z  can  be  expressed  as 


g(v2,v3  -  Vi)  -nv,bnz 


with 


-1 


bl  =  al 


b2  =  -a2/(a1J) 


b3  =  ^2a22-  a1a3)/(a15) 


(2-106) 

(2-107) 

(2-108) 

(2-109) 


If  we  are  interested  in  the  nonlinearity  only  up  to  the  third 
order,  Eq.  (2-103)  can  be  expressed  as 


2  3 

z  =  (^i(v3  -  v1)  +  y-2^3  ~  vi^  h  x3(v3  “  vj)  )IE 


+  M(Kxv2  +  K2v22  +  «3v23) 


(2-110) 


where  we  use  Eq.  (2-85)  to  approximate*  the  nonlinear  .incremental 


current  i  : 

e 


i  =  K(vJ  =  K,v„  +  K„v„2  +  K..v  3 
e  2  12  22  32 


(2-111) 


The  derivatives  x  ,  x, ,  and  x,  are  defined  by 

Jl 


^  . ^Kb’V 


x,  «  3M/ 3v 


*2  -  «/2,(C2H/>-CB2j(Vra>v) 

*3-  <1/6)(33M/3''cB3|(Vri..I.)) 

V-/]^  \j 


(2-112) 

(2-113) 

(2-1.14) 


•»  r;)C.  ;ti,proyi ,ir  i  on  is  that  thr  (v^)  <  ontr  j  hut  ion  to  i^  la  ignored. 
However ,  in  the  computer  program  NCA?  the  f  (v,,)  contribution  is  fully 
accounted  for. 


4? 


2  .  3 

From  Eq.  (2-110)  we  obtain  for  the  terms  z  and  z  the  expressions 


2  2  2  2 


?.  =  M  K 


^v/  +  2K,x-  MI  .v-(\-  -  v.  )  +  x  I  (v,  -  v  ) 

12  11  r  j.  nj  j. 


+  2x.x,.I  2(v-  -  v,)3  2K  <C,”V3  +  2K.,M>:  I„(v  -  v  ) 

1  2  F  J  i  1  -  “ 

2  2 

•  V£  ’  +  2x2i<iMI^,(v^  -  v^)  v2  i  lii^her-order  terms  (2-11.5) 

and  3  M3„  3  3  .  3T  3,  .3  ^  2  r  2.  , 

7.  =  M  v'2  t  x^  Ip  (v^  -  n,)  +  3»-!  IC^  x^f^v..  iv3  -  v1) 


+  3MKj Ip  v2^v3  “  vi^  +  higher-order  terms  (2-116) 

Substituting  Eqs.  (2-130),  (2-115)  and  (2-1L6)  into  (2-106),  we  obtain 
the  following  expression  for  the  nonlinear  current  generator  ?,(•.'„, v_-v 

g(v2,v3  -  vp  =  v2b1MK1  +  (v3  -  v1)h1x1lE  +  v22(b1MK2 

+  h2M2Kx2)  +  (v3  -  v1)2(b1x2IE  +  b2x12IE2) 

+  2v2(v3  "  Vl)b2KlXlMIE  +  v23(blMK3 
2 

+  2b2KxK2M  +  b3M3KL3)  +  (v3  -  v1)3(b1x3lE 

+  ?'b2xix2tE2  +  b3Xl3lE3^  +  v2  ^v3  "  vl^ 

.  (2b.,K0Mx,  I_  +  3b_«K  2::,  I,.)  +  v,(v.  -  v,)2 

/.CXI i  J  .Lift  <1  J  X 

.  (2b2x3K1MI]j;  +  3b3MKixi2  l£2) 


higher-order  terms 


“  *10v2  b  -01(V3  -  vi>  f  820V2  +  «llv2(v3  “  V 


+  *02(v3  “  vl>“  +  «30V23  +  ?'21V22(V3  "  V 


+  812v2(v3  -  vp2  +  gQ3(v3  -  v3)J 


+  higher-order  terms 


(2-U7) 


Therefore,  the  coefficients  are  given  by 


10  = 

bjMI^ 

(2-118) 

01  = 

biVi 

(2-119) 

20  = 

b1MK2  +  b2M2K12 

(2-120) 

02  = 

blIEX2  +  b2Xl  IE 

(2-121) 

11  = 

2b2K1Mx1IE 

(2-122) 

30  = 

b1MK;J  +  2b2K1K2M2  + 

(2-123) 

21  ” 

2b2  We  +  ^"We 

(2-124) 

12  = 

2b2K1Mx2IE  +  3b3MK1x12IE2 

(2-125) 

’03  = 

2  3  3 

b.-x-I,,  +  2b„x. x„I„  +  b_x,  1^ 
i.  j  b  ZIZh  J  ±  L 

(2-126) 

At  a  given  operating  point  (V^,  ,1^,),  a H  the  coefficients  defined  in 
Sections  (2.3.5)  to  (2.3.7)  can  be  calculated  when  the  NCAP  parameters 
for  a  BJT  are  known.  The  NCAP  parameters  for  a  2N5109  BJT  were  measured 
using  the  techniques  to  be  described  in  the  next  chapter.  The  2N5109 
BJT  parameter  values  are  listed  in  Table  2-1.  Using  the  parameters  listed 
in  Table  2-1,  the  nonlinear  coefficents  for  2N5109  BJT  were  calculated. 

The  results  are  given  in  Table  2-2. 


As  mentioned  previously  these  expressions  for  g  are  valid  only 
when  the  transistor  is  operated  at  a  region  faraway  from  that  of 
avalanche  -  the  usual  situation.  For  transistors  operated  near 
the  avalanche  region,  the  complete  expressions  given  by  Weiner 
and  Spina  should  be  used.  See  Ref.  (40). 
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TABLE  2-1 


NCAP  INPUT  PARAMETERS  FOR  2N5109  BJT 


Parameter  Name 


Description 


H 


(V) 

(V) 


Mu 


Ic  (mA) 


I 


Cmax 


(mA) 


hFEmax 
k  (pF-V5) 

Ref 

Cje  (PF) 

C'  2  (pF/mA) 

rb  <«> 
rc  (kft) 

Cx  (pF) 

C3  (pF) 


Avalanche  exponent 
Collector  base  bias  voltage 
Avalanche  voltage 
Collector  capacitance  exponent 
Collector  bias  current 
Collector  current  at  maximum 
Dc  current  gain 
hFE  nonlinearity  coefficient 
Maximum  d.c.  current  gain 
Collector  capacitor  scale  factor 
Diode  nonlinearity  factor 
Base-emitter  junction  space 
charge  capacitance 
Derivative  of  base-emitter 
diffusion  capacitance 
Base  resistance 
Collector  resistance 
Base-emitter  capacitance 
Base-collector  and  overlap 
capacitance 


Value 


6.0 

5.0 

40.0 

0.285 

50.0 

18.0 

0.363 

84.6 

0.42 

1.0 

10.0 


3.6 


15 

32.9 

0.1 

0.56 
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TABLE  2-2 


•  -V  r>.»- 


NONLINEAR  COEFFICIENTS  FOR  2N5109  BJT 


Nonlinear  Incremental 
Current  Generator 

Coefficient 

Value 

(mho) 

1.9724 

K  (v2) 

K2 (mho/V) 

38.419 

K3(mho/V2) 

498.87 

Cx  (F) 

0.26549  x  10‘ 

WV 

C2  (F/V) 

-0.75664  x  10' 

C3  (F/V2) 

0.64819  x  10' 

gQ1  (mho) 

0.22851  x  10' 

g10  (mho) 

1.9446 

gQ2  (mho/V) 

0.11426  x  10' 

820  (mh°/V> 

37.754 

g(v2,v3-v1) 

gn  (mho/V) 

-0.28734  x  10' 

gQ3  (mho/V2) 

0.30475  x  10' 

g3Q  (mho/V2) 

487.88 

g12  (mho/V2) 

-0.14367  x  10 

g21  (mho/V2) 

-0.2718  x  10H 
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CHAPTER  THREE 


MEASUREMENT  OF  BJT  MODEL  PARAMETERS 

In.  the  previous  chapter  large  signal  BJT  models  used  in  SPICE2 
and  SCEPTRE  were  discussed.  These  models  can  be  used  to  determine 
the  dc  operating  point  information  for  the  individual  diodes  and 
transistors  in  bipolar  integrated  circuits.  The  dc  operating  point 
information  is  required  by  the  program  NCAP  used  to  predict  RFI  effects 
in  bipolar  IC's.  Also  discussed  were  linear  incremental  models  for  BJT's 
These  models  included  the  linear  ir-model  and  the  linear  T-model  used 
in  NCAP.  Also  discussed  was  the  nonlinear  T-model  used  in  NCAP.  All 
these  models  contain  parameters  which  must  be  specified.  In  this  chapter 
the  experimental  techniques  used  to  measure  the  important  model  para¬ 
meters  will  be  presented.  The  data  processing  techniques  used  to 
extract  the  model  parameters  and  certain  parasitic  elements  from  ex¬ 
perimental  results  will  also  be  presented. 

This  chapter  is  organized  in  the  following  manner.  First  dc  and 
pulse  techniques  used  to  determine  many  of  the  large  signal  model 
parameters  will  bg  described.  Then  the  small  signal  techniques  used  to 
determine  many  of  the  incremental  model  parameters  will  be  presented. 
Finally  for  completeness  transient  techniques  useful  in  determining 
other  model  parameters  will  be  given.  At  the  end  of  this  chapter,  a 
table  is  presented  which  contains  values  for  the  2N5179  and  2N918  BJT 
parameters  used  in  the  computer  programs  SPICE2,  SCEPTRE  and  NCAP. 


3.1  Large  Signal  Parameter  Measurements 


3.1.1  I  ,  Emitter  Base  Junction  Saturation  Current  and  Ref,  Emitter 
ES 

Base  Junction  Diode  Nonideality  Factor 

The  saturation  current  I_  and  parameter  Ref  are  determined  from 

Eb 

active  region  measurements  of  the  emitter  base  junction  voltage  as  a 
function  of  emitter  current.  The  test  configuration  used  in  obtaining 
the  emitter-base  characteristics  is  shown  in  Figure  3-1.  Shown  in 
Figure  3-l(a)  is  a  dc  measurement  method  useful  when  the  emitter 
current  I  is  less  than  0.1  mA.  For  I  values  greater  than  5  mA, 
the  pulse  method  shown  in  Figure  3-1  (b)  is  recommended.  Below  5  mA 
the  pulse  method  was  difficult  to  carry  out.  Consequently  the  curve 
for  currents  between  0.1  mA  and  5  mA  is  interpolated  from  the  results 
of  the  two  methods.  The  equipment  illustrated  in  Figure  3-1  is 
standard  laboratory  equipment. 

Typical  data  are  plotted  in  Figure  3-2.  For  -I  <  0.1  mA  the  dc 

E 

data  points  are  observed  to  lie  on  a  straight  line.  For  -I  >0.1  mA, 
increases  in  the  junction  temperatures  cause  the  dc  data  points  to 
deviate  from  the  straight  line  drawn  through  the  dc  data  points  for 
-I„  <0.1  mA.  Now  let  us  examine  the  pulse  data  at  -I  >1  mA;  the 
parasitic  base  spreading  resistance  R  and  parasitic  emitter  resis- 

D 

tance  RgE  have  a  significant  effect.  The  voltage  drop  across  these 

resistors  cause  the  pulse  data  to  lie  to  the  right  of  the  straight 

line  drawn  through  the  dc  data  obtained  for  -I  <0.1  mA. 

E 


Source 


\  DC 
)  Volt- 
+  meter 


(o)  DC  measurement  method 
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Gen. 
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(b)  Pulse  measurement  method 


FIGURE  3-1 


Transistor  Base-Emitter  Characteristic  Test  Configura 
tion  (a)  for  Low  Currents  and  (b)  for  High  Currents 
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2  Versus  VgE  Plot  for  a  2N5179  Device 


50 


At  I£  values  low  enough,  the  voltages  drops  across  the  parasitic 

resistances  R^  and  RgE  can  be  neglected.  Then  under  normal  operating 

conditions  Eq.  (2-5)  relating  the  emitter  current  I  to  the  base- 

£ 

emitter  voltage  V_  can  be  written  as 

DC. 

1  E  ■  (3-D 

where  the  parameter  Ref  used  in  NCAP  and  SCEPTRE  has  been  inserted. 

The  emitter  base  junction  coefficient  Ref  is  calculated  by 

evaluating  Eq.  (3-1)  at  two  points  (i.e.  (VBE1>IE1)  and  (Vbe2,I:e2^ 

on  the  straight  line  portion  of  the  log  I  vs  V  plot  shown  in  Figure 

E  BE 

3-2.  The  equation  used  to  calculate  the  parameter  Ref  is 

Ref  -  (toUE1/IE2)/(»BE1  -  VBE2))c,/kT  (3-2) 

Solving  Eq.  (3-1)  for  the  saturation  current  I  ,  we  obtain 

ES 

IES  =  ~IE/exp(qVBE/RefkT)  (3-3) 

The  saturation  current  I  is  determined  by  evaluating  Eq.  (3-3)  at 
any  point  (VgE*Ig)  on  the  straight  line  portion  of  log  I£  versus  VBE 
plot  shown  in  Figure  3-2. 

3.1.2  ,  Collector  Base  Junction  Saturation  Current  and  Ref, 

Collector  Base  Junction  Diode  Nonideality  Factor 

The  saturation  current  I^g  and  diode  nonideality  factor  Ref  are 
determined  in  a  manner  similar  to  that  used  in  the  previous  section 
except  that  the  emitter  and  collector  terminals  are  interchanged. 


I 


■>«  ! 


(The  transistor  is  actually  operated  in  the  region  known  as  inverse 
region.)  Since  only  low  current  level  measurements  are  needed,  pulse 
measurements  are  not  required.  The  dc  measurement  test  configuration 
is  shown  in  Figure  3-3.  Typical  data  are  shown  in  Figure  3-4. 

As  shown  in  Figure  3-4  a  straight  line  is  drawn  through  the  dc 
data  at  low  I  values.  Points  on  this  straight  line  are  used  to 
determine  values  for  parameters  Ref  and  1  .  The  procedures  used 

are  identical  to  those  described  in  Section  3.1.1.  The  equations 
used  are 

Ref  =  ^n(Ici/lC2)/(VBCl  -  VBC2))c*/kT  (3'4) 

and  Ics  =  Ia/(exp(qVBC1/RcfkT)  -  1  )  (3-5) 

where  the  points  (VfiCl,Icl)  and  (Vbc2,Ic2)  lie  on  the  straight  line 
shown  in  Figure  3-4. 

3.1.3  Is,  Transistor  Saturation  Current 

When  the  transistor  is  operated  in  its  normal  active  region  at 
low  current  levels  so  that  the  voltages  across  the  parasitic  resis¬ 
tance  R„  and  Rcr  are  negligible,  the  collector  current  expressed  by 
B  oE 

Eq.  (2-12)  can  be  written  as 

Ic  =  Is(exp(qVBE/RefkT)  -  1  )  (3-6) 

Again  the  emitter-base  diode  nonideality  factor  Ref  has  been  in¬ 
troduced.  The  parameter  I  (Ref  is  assumed  known)  can  be  determined 
using  the  procedures  described  in  Section  3.1.1.  Values  of  the  dc 
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DC  Collector  Current  Ir  (mA) 


DC  Current 
Source 


Voltmeter 


FIGURE  3-3  Transistor  Base-Collector  Characteristic  Test 

Conf iguration 


DC  Collector  Base  Voltage  VBC  (V) 


FIGURE  3-4 


I_  Versus  V  Plot  for  a  2N5179  Device 


DC  Collector  Current  Ir  (mA) 
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FIGURE  3-5  Transistor  Versus  VgE  Characteristic  Test  Con¬ 

figuration 


FIGURE  3-6  Ic  Versus  VgE  Plot  for  a  2N5179  Device 
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collector  current  Ip  as  a  function  of  the  dc  base-emitter  voltage 

V  are  measured  using  the  circuit  shown  in  Figure  3-5.  Typical  data 
•bib 

are  shown  in  Figure  3-6. 

Solve  Eq.  (3-6)  for  the  saturation  current  Ig.  Then  evaluate  the 
resulting  equation  at  a  point  on  tlie  straight  line  shown  on 

Figure  3-6  which  is  drawn  through  the  data  at  low  Ip  values.  The 
saturation  current  Ig  is  given  by  the  expression 

XS  =  Icl/<exP<qvBE1/RefkT)  -  1  )  (3-7) 

3.1.4  6^,  Forward  Current  Gains 

The  forward  current  gain  parameters  a  and  R  are  determined  as 

N  N 

a  function  of  collector  current  in  the  normal  operating  region.  The 

dc  base  current  I  and  the  dc  collector  current  I„  are  measured.  The 
u  C 

parameter  aN  and  6^  are  calculated  using  the  expressions; 


■  V«B  +  V 

(3-8) 

■  V'b 

(3-9) 

The  dc  test  circuit  shown  in  Figure  3-7 (a)  was  used  for  measurements 
at  low  current  levels  (Ip  <  1  mA) .  The  pulse  test  circuit  shown  in 
Figure  3-7 (b)  was  used  for  measurements  at  high  current  levels 
(1^,  >  1  mA).  Typical  data  are  given  in  Figure  3-8. 

3-1-5  a,  hFEmax,  ICmax,  hFE  Nonlinearity 

As  shown  in  Figure  3-8,  the  forward  current  gain  R  (h  )  varies 

N  FE 

as  the  collector  current  levels  changes.  The  parameter  hpEmax  and 
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FIGURE  3-8  0N(hv„)  Versus  Ir  Plot  for  a  2N5279  Device 


^Cmax  are  ^etermine^  from  the  smooth  curve  drawn  through  the  data 

shown  in  Figure  3-8.  The  maximum  value  for  h^  is  the  parameter  hpEmax 

and  the  collector  current  corresponding  to  h  is  the  parameter 

i?  Ein<ix 

*Cmax'  Parameter  a  may  f*e  determined  by  using  the  parameter  values 

I „  and  h„„  and  the  values  of  I  and  h__  at  the  dc  operating 

Lmax  r  Erno-X  E  rb 

point  using  the  expression 

*  ■  <hFE«»*  -  hFE)/(hFF  <3-10) 


An  alternate  method  for  determining  a  involves  choosing  two  points 

(Icl,  hFE^)  and  (^2*  ^fe2^  °n  t*ie  smooth  curve  drawn  through  the 

h  vs  I  data;  the  two  points  should  be  chosen  so  that  I_1  <  I  < 
FE  C  tl  L 

Ic2  where  Ic  is  the  dc  operating  current.  The  parameter  a  can  be 
calculated  using  the  expression 


a  ^hFE^C2^  "  hFE(ICl)),/(hFE(ICl)l08  ^ICl/ICmax') 

“  hFE(IC2)log  (IC2^ICmax^ 

3.1.6  a^.,  Bj,  Reverse  Current  Gains 


The  reverse  current  gain  parameters  a^.  and  6^  used  in  SCEPTRE 
can  be  measured  using  techniques  identical  to  those  described  in  the 
previous  section  except  that  the  emitter  and  collector  terminals  are 
interchanged.  Since  the  current  levels  involved  are  low,  a  dc  measure¬ 
ment  technique  is  usually  satisfactory.  The  dc  emitter  current  I 

E 

and  dc  base  current  Ig  are  measured.  The  test  circuit  is  shown  in 
Figure  3-9.  The  parameters  and  8j  are  calculated  by  using  the 


expressions 


aI  =  IE^IB  +  IE^ 


(3-12) 


®I  "  VXB  (3'13) 

Shown  in  Figure  3-10  is  a  plot  of  gT  vs  I„  for  2N5179  BJT. 

1  E 

22  23 

3.1.7  R  Re_,  Collector  and  Emitter  Bulk  Resistances  * 
bu  oE 

The  emitter  bulk  resistance  R  can  be  determined  by  measuring 

BE 

the  voltage  across  the  transistor  from  collector  to  grounded  emitter 
as  a  function  of  base  current  with  the  collector  current  constrained 
to  be  zero.  The  dc  measurement  circuit  used  is  shown  in  Figure  3-11. 

A  pulse  measurement  technique  could  also  be  used. 

Using  Ebers-Moll  model  Eqs.  (2-1),  (2-2),  and  (2-8)  with  Ic 
■  0,  and  assuming  that  the  transistor  is  operated  in  the  saturation 
region  where  both  the  emitter  and  collector  junctions  are  forward 
biased  we  obtain  the  relationship 

VCE  -  -(kl/q)tn«1  +  IbRse  (3-14) 

’’he  plot  (a)  of  V  vs  I  shown  in  Figure  3-12  is  a  straight  line  and 

UE  B 

its  slope  gives  the  value  of  R  . 

oh 

If  the  transistor  collector  and  emitter  terminals  are  inter¬ 
changed,  a  value  for  R  can  be  determined.  In  Eq.  (3-14)  the  para- 

meters  a„  and  R„_  are  substituted  for  the  parameters  a  and  R„_;  the 
N  oC  1  BE 

plot  (b)  of  V  vs  I„  is  a  straight  line  and  its  slope  gives  the  value 
CE  B 

of  R  .  Results  measured  for  a  2N5179  transistor  are  given  in  Figure 
3-12. 
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FIGURE  3-11 


Circuit  for  the  Measurement  of  Emitter  and  Collector 
Series  Resistances 


The  Evaluation  of  RgE  and  Rgc  for  a  2N5179 
Transistor 


FIGURE  3-12 


The  resistances  R  and  Rc  can  also  be  rapidly  determined  by 
dl  se 

using  a  transistor  curve  tracer.  Two  measurements  are  made  of  the 
collector-emitter  saturation  voltage  at  low  I  values.  The  base 

w 

current  values  used  are  widely  separated  (i.e.  0.1  mA  and  10  mA) . 

The  experimental  results  are  illustrated  in  Figure  3-13.  The  resis¬ 
tances  R  and  R  can  be  obtained  using  the  information  given  on 
SE  SC 

Figure  3-13. 

3.1.8  R^,  Base  Bulk  Resistance 

The  base  bulk  resistance  R  can  be  determined  from  the  dc  and  pulse 

B 

data  for  I  vs  V  plot  shown  in  Figure  3-2.  As  discussed  previously 
E  BE 

in  Section  2.1.1  the  base-emitter  terminal  voltage  V  is  related 

BE 

to  the  intrinsic  base-emitter  voltage  V'  by 

BE 


FIGURE  3-13.  Bulk  Resistance 
1C~VCE  CurV6S 


(Rgg  and  rSq)  Determination  with  Two 


Equation  (3-1)  relates  the  emitter  current  to  the  base-emitter  voltage 

at  low  current  levels,  and  this  voltage  is  Vgg.  Substituting  VgE  for  VfiE 

in  Eq.  (3-1)  and  solving  for  V'  ,  we  obtain 

BE 

Vg£  =  (kT/q)Refta(-IE/IES)  (3-16) 

Equation  (3-16)  is  represented  in  Figure  3-2  by  the  straight  line  drawn 

through  the  dc  data  for  low  I  values.  Next  this  straight  line  is 

extended  to  high  current  values.  At  a  high  current  level  1^  (  1^  >  10  mA) 

the  voltage  difference  AV  between  the  actual  terminal  voltage  V  and  internal 

BE 

base-emitter  voltage  V*  is  illustrated  in  Figure  3-2.  Solving  Eq. 

BE 

(3-15)  for  AV  =  V  -  V'  ,  we  obtain 
BE  BE 

AV  "  ierse  +  Vb  (3'17) 

Next  we  relate  I  to  I_,  using  In  =  I_/(8„  +  1).  The  result  is 
BE  BEN 

SV  ■  VSE  +  (V<6N  +  1))RB  (3-18) 

The  value  for  8^  (hEE)  *s  ta^en  ^ rom  Figure  3-8  assuming  1^  =  -Ig. 

Solving  Eq.  (3-18)  for  R  ,  we  obtain  the  result 

B 

",  -  <4V  -  VW/<V<e»  +  1)1  <3-19> 

Using  values  for  AV  and  I  _  shown  in  Figure  3-2,  the  R  value  taken 

E  J  N 

from  Figure  3-8  at  I  =  I  _,  and  the  value  for  R„„  determined  from 

C  EB  SE 

previous  section.  Equation  (3-19)  can  be  solved  for  the  base  bulk 

resistance  R  . 

B 

Some  comments  are  in  order  concerning  the  measurement  techniques 


described  for  R^  in  this  section  and  Rgg  in  the  previous  section. 

Inconsis fancies  have  been  observed.  Occassionally  the  R  value  obtained 

Jd 

using  Eq.  (3-19)  is  negative.  Part  of  the  difficulty  may  result  from 

using  low  current  levels  to  determine  RgE  and  high  current  levels  to 

measure  R  .  The  R  value  illustrated  in  the  previous  section  was 
B  SE 

R  =  2.45  ohms.  This  value  appears  to  be  too  large.  Since  values 
SE 

for  R„„  are  expected  to  be  a  fraction  of  an  ohm,  the  term  I  R  in 
SE  E  oh 

Eq.  (3-19)  is  often  omitted. ^ 

It  is  worthwhile  to  mention  that  the  base  bulk  resistance  R 

D 

does  depend  upon  the  base  current  level.  Furthermore  for  ac  signals 

this  resistance  (denoted  r^  in  incremental  models)  also  depends  upon 

the  frequency.  Thus,  the  value  for  the  base  bulk  resistance  used 

in  incremental  models  should  be  measured  at  the  actual  dc  operating 

point  and  at  the  frequency  of  interest.  In  a  subsequent  section  a  small 

signal  technique  used  to  determine  the  resistance  is  described. 

Finally  it  should  be  pointed  out  that  representing  the  base  bulk 

resistance  by  a  simple  resistor  is  a  gross  over  simplification.  The 

base  bulk  resistance  region  is  more  properly  represented  by  a  dis- 
24 

tributed  R-C  model. 

3.1.9  V  ,  n,  Avalanche  Nonlinearity  and  r  Collector  Resistance 
tflU  c 

The  parameters  n  and  Vnrtn  and  resistance  r  can  be  obtained  from 

t  jju  c 

the  common  base  output  characteristics  as  shown  in  Figure  3-14.  These 
characteristics  can  be  measured  on  a  transistor  curve  tracer.  Using 
Eqs.  (2-22)  and  (2-23)  and  assuming  =  1,  the  collector  current 
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I  Versus  V  Plot  for  a  2N5179  Device 
C  LB 


s 

f 

k 

Li 


* 

y  . 

r 


Ic  corresPondin8  to  the  emitter  current  I  can  be  approximated  by 


In  '  -V«  -'WW"’  +  Wr. 


CB'  c 


(3-20) 


where  the  additive  term  Vcg/rc  accounts  for  the  slope  of  the  linear 
portion  of  the  curve  when  VCB<<VCBC).  The  resistor  rc  is  related  to 

the  Early  effect  discussed  in  Section  2.1.2.  The  resistor  rc  can  be 

determined  from  the  slope  of  the  linear  portions  of  the  curves  I  vs 

V„„  as  shown  in  Figure  3-14.  The  parameters  n  and  are  obtained  by 

CB  CBU 

selecting  two  data  points  with  V^,  values  near  VCB0  such  as 
and  (VCBB,  tcb)-  From  Eq.  (3-20),  we  have 


and 


XCA  IC1/(1  ^CBA^CBO*  *  +  VCBA/rc  (3  21) 


XCB  "  rCl/(1  -<VCBB/VCB0>  ’>  +  W'c  (3~22) 


! 


where  I  is  the  intercept  of  the  linear  portion  of  the  I  vs  V  plot 
Cl  C  CB 

on  the  I  axis.  If  we  define  the  parameters  K  and  K  by  the  expressions 

A  o 


KA  "  ICA  “  VCBA^rc 

IC1^1  ~  ^CBA^CBO^  ^ 

(3-23) 

KB  =  ICB  "  VCBB/rc 

id/(1  -  (VCBB/VCB01  > 

(3-24) 

we  have 

(V  /V  )  = 

v  CBA7  CBO' 

1  "  (IC1/KA^ 

(3-25) 

and 

(V  /V  )  1  = 

v  CBB  CBCr 

1  -  (ici7kb) . 

(3-26) 

Division  of  the  two  expressions  yields  the  result 

<VCBA/VCBB)n  ‘  <VKA)(<KA  '  IC1)/<KB  '  'cl””'27’ 
Taking  the  logarithm  of  both  sides  of  the  above  equation,  the  following 
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expression  for  the  avalanche  exponent  n  is  obtained 


n  -  log«KB/KAXKA  -  Ic1)/(Kb  -  IC1))/108(VCBA/VCBB)  (3-28) 
The  value  for  V„0.  can  be  calculated  using  the  expression 

UCBO  '  VCEA/!(KA  -  IC1>«A,1/"  <3‘29> 

or  can  be  determined  directly  from  the  common-base  characteristics 
shown  in  Figure  3-14.  If  measurements  of  the  parameters  n  and  V 

CBO 

at  high  collector  current  levels  are  made,  the  characteristics  of 
the  collector  currents  will  be  observed  to  increase  slowly  with 
time  because  of  junction  heating  effects.  To  avoid  junction 
heating  effects  the  dc  curve  tracer  method  could  be  replaced  by  a 
pulse  technique  method  to  measure  the  common  base  output  character¬ 
istics. 

3.1.10  V  ,  The  Early  Voltage 

The  Early  voltage  can  be  determined  from  the  common  emitter 

output  characteristics  obtained  from  a  transistor  curve  tracer. 

Upon  examining  the  I  vs  V  characteristics  shown  in  Figure  2-3, 

a  geometrical  procedure  for  the  Early  voltage  can  be  developed. 

The  slope  of  the  straight  line  portion  of  the  I  vs  V  curve  is 

t  LE 

usually  called  the  output  conductance  g^.  Let  the  intercept  of  the 
straight  line  portion  extended  through  the  I  axis  be  denoted  as  I  . 

L  L  JL 

Then  the  Early  voltage  can  be  determined  using  a  relationship 

VA  -  Icl/g0  (3-30) 
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This  geometrical  procedure  is  illustrated  on  the  I  vs  V 

C  CE 

common  emitter  output  characteristics  shown  in  Figure  3-15. 
Typical  value  of  ranges  from  20  to  100  V. 


3.1.11  C.  ,  ,  m  ,  Emitter  Junction  Capacitance  Parameters 

jeo  E  e’  r 


The  emitter  junction  capacitance  parameters  C  $£*  and 
can  be  determined  from  measurements  made  on  a  1  MHz  capacitance 
bridge.  Measurements  of  the  junction  capacitance  C  vs  the 

junction  voltage  VgE  are  made.  The  transistor  terminal  connections 
are  given  in  Figure  3-16 (a). 


For  an  NPN  BJT,  Equation  (2-17)  gives  the  variation  of  the 
emitter  junction  capacitance  with  the  base-emitter  junction  voltage.* 
Because  device  parasitic  capacitances  related  to  packaging  exist,  an 
extra  constant  capacitance  C  is  present  in  the  capacitance  C 

X  H16ao 

measured.  Adding  the  capacitance  to  the  junction  capacitance 

C  ,  we  obtain 
Je 

-m 

C  =  C.  (1-(V  /<?>))  0  +  C  (3-31) 

meas  jeo  BE  E  x 

The  capacitance  can  be  determined  in  four  ways:  (1)  by 
estimation  (the  range  0.4  to  0.7  pF  is  appropriate  for  TO-5  cans), 

(2)  by  measurement  (for  a  discrete  device  a  dummy  can  is  used), 

(3)  by  computer  parameter  optimization,  or  (4)  by  a  graphical 
technique. 


*  This  expression  is  reasonably  accurate  for  negative  values  of  base- 
emitter  voltage  such  that  the  ratio  V^p./ is  less  than  -0.5. 


terroine  Early  Voltage 


For  a  discrete  BJT  the  dummy  can  method  is  recommended.  This 


method  requires  an  identical  device  to  be  destroyed  before  C  is 

measured.  The  emitter-base  junction  is  destroyed  in  order  to  obtain 

an  open  circuit.  This  can  usually  be  accomplished  by  putting  a 

very  large  current  through  the  emitter-base  junction  with  the 

collector  terminal  not  connected.  For  a  damaged  transistor  with  an 

emitter-base  open  circuit  the  capacitance  measured  is  just  C^.  The 

C  value  is  assumed  to  be  the  same  for  all  BJT's  of  one  type.  Next 
x 

the  C.  vs  V  _  data  for  a  good  transistor  is  measured  with  the  base- 
je  BE 

emitter  junction  reverse  biased.  Knowing  the  value  and  using  the 

Eq.  (3-31),  the  parameter  values  for  C.  ,  <t>_  and  m  can  be  obtained 
^  r  jeo  E  e 

either  by  a  graphical  method  or  by  a  computer  optimization  technique. 

The  graphical  technique  will  be  described  later  in  this  section.  The 
computer  optimization  technique  uses  the  Fortran  program  given  in 
Table  3-1.  This  program  is  based  upon  a  least-square-fit  algorithm. 
Typical  results  obtained  using  the  computer  program  optimization 
technique  are  given  in  Table  3-2  at  the  end  of  this  chapter.*  It  should 
be  pointed  out  that  the  computer  program  optimization  technique  does  not 
yield  a  unique  solution.  The  computer  solution  obtained  does  depend  upon 
the  initial  values  used. 

A  graphical  method  can  also  be  used  to  determine  the  para¬ 
meters  C.  ,  4>_,  m  ,  and  C  .  An  initial  value  for  C  is  assumed, 
jeo  E  e  x  x 

For  a  BJT  in  a  TO-5  can  typical  values  for  lie  in  the  range  0.4  - 

*  Table  3-2  is  placed  at  the  end  of  the  chapter  with  Tables  3-3 
through  3-5  so  that  all  data  are  located  at  one  place. 
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0.7  pF.  An  initial  value  for  the  parameter  4>  is  also  assumed.  For 

il 

silicon  BJT's  typical  values  for  $>  lie  in  the  range  0.5  -  0.7  V. 

Next  values  of  (C  -  C  )  are  plotted  vs  +  V__  on  log-log 
meas  x  r  E  BE  & 

paper.  If  a  straight  line  having  a  reasonable  slope  (-0.5  to  -0.167) 
is  obtained,  the  values  chosen  for  the  parameters  C  and  $  are 

X  hi 

assumed  to  be  correct.  If  the  resulting  plot  is  not  a  straight 

line,  a  second  guess  of  C  and  $  is  made  and  another  plot  is  made. 

x  h 

If  the  curve  is  concave,  the  value  is  decreased  and  the  C  is 

E  x 

increased.  If  the  curve  is  convex,  the  $  value  is  increased  and 

£ 

the  value  is  decreased.  This  process  is  iterated  until  a  straight 
line  is  obtained.  This  graphical  method  is  illustrated  in  Figure 
3-17.  The  set  of  parameter  values  obtained  using  the  graphical 
technique  is  not  unique.  For  silicon  BJT's  solution  sets  with  the 
parameter  <t>E  near  0.7  V  and  me  near  0.333  are  recommended. 


3.1.12  Cjco,  mc»  k.  Collector  Junction  Capacitance  Parameters 

The  collector  junction  capacitance  parameters  C.  ,  and 

jco  C 

mc  are  determined  in  the  same  manner  as  the  emitter  junction 
capacitance  parameters.  Measurements  of  the  junction  capacitance 
C,  vs  the  junction  voltage  V  are  made.  The  transistor  terminal 

J  C  dL 

connections  are  shown  in  Figure  3-16 (b).  For  silicon  BJT’s 


typical  values  for  the  parameter  <5>E  lie  in  the  range  0.5  -  0.7  V  and 
typical  values  for  the  parameter  m^  lie  in  the  range  0.5  to  0.167. 
There  is  also  a  device  parasitic  capacitance  related  to  pack¬ 
aging.  For  a  silicon  BJT  in  a  T0-5  can  typical  values  for  lie 
in  the  range  0.4  -  0.7  pF.  The  capacitance  can  be  measured 
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TABLE  3-1 


JUNCTION  CAPACITANCE  VOLTAGE  LEAST-SQUARE-FIT  PROGRAM 


PROGRAM  F  ANG! INPUT, QU  IP  UT,  TAPES*  INPUT,  IAP  E6*0UTPUT> 

DIMENSION  A tlO. 3), 0(3.1 I.C 110,1 I.F 110,11, VI 10. ll.Rt3.10) .S( 3*  3).  WO 
lRKlI3).W0RK2(3i,T!3,l0l,CF(10,l),DELTA!3»l),B0LD(3»l> 

DIMENSION  CC112). V V< 12 1 .LABEL  ! 8 , 3  I » F AC  I  3  I .NCHAR I  3  I 
100  FORMAT ( 3F5 . 2 ) 

200  F0RMATI2F5.2) 

300  FORMAT!  IX, 25HD I VERGENT  IN  THE  PROCESSI 

<iOO  FORMAT!  IX#5HC0  ■  ,F5.2,6HPHI  *  .F5.2.AHM  *  , F5 .2, 12HI TERA TION  *  ,1 
121 

500  FORMAT! 15, 7A10.A5I 
600  FORMAT ! 3F 10. 0) 

C 

C  READ  IN  INITIAL  CO,  PHI.  AND  M 
C 

REA3I5.100)  IBM, 11,1*1. 31 
C 

C  READ  IN  MEASURED  C  ANO  V 
C 

RE  AO (5, 200  I !C I  I. 1 1. VII. 11.1*1.10! 

00  6  l«l,10 
V(I,l)«-VII.l) 

6  CONTINUE 

C 

C  SET  UP  THE  CAPACITANCE  F QRMUL US 
C 

NN«1 

25  00  5  1*1.10 

f!l,l)*B(l>ll*ll.-Vtt,l)/BI2»lll**<-8I3.1ll 
5  CONTINUE 

C 

C  SET  UP  THE  LEAST  SOUARE  MATRIX  A 
C 

DO  10  1*1.  10 

AtI«l)»ll»-V(I»ll/BI2»lll** t-813,11) 

All, 2 l*-IB( 1,11 /(BI2. 11*8(2,1 1  I  1*8! 3.1I*VI I.l>*( 1. -VI I. II /BI2.1I I* 
1*1-1.-813.1)1 

A! I,  3)*-BI 1. 1I*AL0GI1.-V! I. II /BI2. 1 1  I  *  1 1 V! 1 . 1 1 / B 1 2. 1 1 1 ** I -Bl 3/ 1 1 
1  I 

10  CONTINUE 

C 

C  CALCULATES  THE  INCREMENT  OF  8  TO  UPDATE  THE  PARAMETERS 
C 

NP  » 1 
NR  ■  1 0 
NC  ■  3 

CALL  GMTRAIA.R.NR.NC) 

CALL  GMPRO(R»A»S.NC»NR»NC I 
CALL  MINVCS,NC,0,WORK1,WORK2) 

CALL  GMPRDIS.R. I.NC.NC.NR I 

DO  15  1*1.10 

CF ( 1,1 1 -CII.1I-F! I. 1) 

15  CONTINUE 

CALL  GMPRDI T.CF. DELTA, NC .NR, NP) 
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TABLE  3-1  (Continued) 


c 

C  UPDATE  THE  PARAMETERS  B 
C 

DO  23  1*1.3 
80L0( t.l  1*811,11 
B(I.1>*B(I.1>*DELTAII,1) 
IF<a<t,l).LE.0.)3<I»l)*B0L0(I»ll 
20  CONTINUE 
C 

C  TEST  THE  CONVERGENCE 
C 

NN*NN»1 

IF1NN.GT.20IG0  TO  30 
T1*ABS(DELTA(1, 11/6(1,111 
T2*4BS(0E1 TA(2. II /812.1 1 1 
T3*ABS(0£LTA <3,11/8(3, 1)1 

IF<ri. LT. 0. 1. AND. T2.LT. 0.1. AND. T3.LT. 0.1)60  TO  35 
GO  TO  25 
C 

C  PRINT  OUT  DIVERGENT  MESSAGE 
C 

30  WRITEI6.3001 

35  WRITEI6, 5001(6(1. II, 1*1,3),  NN 

DO  40  1*1,10 

CCUI*C(I.l) 

VV(I)*-V(I, 11*6(2, II 
40  CONTINUE 

CALL  PLOTS 
N*  10 
MODE  «  2 

RE  AO <5,5001  (NCHAR(I), (LABEL <J» I >»J*1.B I ,1*1,31 
RE  AD ( 5, 600 1 E  AC 

CALL  LGPLQT(VV.CC,N,KODE,lABEL,NCHAR,FAC 1 
I5YM3*0 

KK03E*ISYNB*100 
Nl*  LO 

00  50  1*1,10 

C:(I)*B<1,1I»(1.-V(I,1)/B(2,1))**(-B(3,11) 

50  CONTINUE 

CALI  LGPL0T(VV,CC,-N1,KKDDE> 

call  ffplot 

STOP 
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FIGURE  3-16 


Terminal  Connections  for  Junction  Capacitance 

Measurement  (a)  C.  Measurement  and  (b)  C 

je  jc 

Measurement 


Typical  Values  of  Emitter  Junction  Capacitance 
CmeM-Cx  VS  *E  +  lVBEl  £°r  *  2W18  WT 


FIGURE  3-17 


using  the  dummy  can  procedure  described  in  the  previous  section. 
The  collector-base  junction  is  destroyed  intentionly  at  high 
collector  current  levels  in  order  to  obtain  an  open  circuit  in  the 


collector-base  junction.  The  capacitance  measured  for  the  damaged 

device  with  the  terminal  connections  shown  in  Figure  3-16 (b)  is 

C  .  The  measured  values  for  the  capacitance  C  vs  the  collector- 
y  meas 

base  voltage  V  are  processed  in  the  manner  described  in  the 

C.D 

previous  section  to  obtain  values  for  the  parameters  CjcQ,  mc> 
and  C  . 


The  computer  program  NCAP  uses  the  following  relationship  for 


the  collector-base  junction  capacitance  C 


BC 


CBC  '  k  IVl 


(2-92) 


where  the  parameter  k  is  called  the  collector-base  capacitance 
scale  factor  and  the  parameter  u  is  called  the  collector-base 
capacitance  exponent.  By  comparing  Eq.  (2-92)  to  Eq.  (2-18), 
the  following  relationship  can  be  obtained  for  the  special  case 
where 

V  I  »  1  : 

BC  C1 


k  = 


jco 


(3-32) 


P  = 


m 

c 


(3-33) 


An  alternative  procedure  is  to  fit  Eq.  (2-92)  directly  to  measured 
data  using  a  computer  simulation  procedure  or  a  graphical  procedure 
similar  to  those  described  in  the  previous  section.  Of  course  the 
parasitic  capacitance  C  should  be  taken  into  account. 
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3.2  Small  Signal  Parameter  Measurements 

The  BJT  model  parameters  used  in  SPICE2,  SCEPTRE  and  NCAP  are 
essentially  large  signal  model  parameters.  Exceptions  are  the 
junction  capacitance  parameters  discussed  in  Sections  3.1.11  and 
3.1.12.  Other  exceptions  are  the  NCAP  emitter-base  diffusion 
capacitance  parameters  and  C^'.  These  parameters  are  measured 
using  small  signal  techniques.  It  is  also  desirable  to  make  a 
small  signal  measurement  for  the  base  spreading  resistance  r^ 
because  this  parameter  depends  on  the  operating  frequency.  In 
this  section  small  signal  measurements  for  these  parameters  are 
discussed. 

3.2.1  r^.  Base  Spreading  Resistance 

The  incremental  model  base  spreading  resistance  r,  can  be 

b 

measured  in  many  ways.  In  this  section  both  low  frequency 

and  high  frequency  methods  will  be  discussed.  (Note  that 

the  base  parasitic  resistance  for  large  signal  analysis  was 

denoted  by  R  . ) 

b 

(a)  Low  Frequency  AC  Measurement 

The  base  spreading  resistance  r^  can  be  determined  from 
measurements  of  the  small  signal  transistor  h-parameters  h^ 
and  hfg  at  1  kHz.  The  parameters  hie  and  hfg  are  defined  re¬ 
spectively  as  the  incremental  input  impedance  and  the  incremental 
forward  current  gain  of  the  BJT  in  the  common  emitter  configuration 
with  the  output  shorted.  The  appropriate  equations  are 
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h.  =  3v,  /3i, 
ie  be  b 


v  =0 
ce 


h,  =  3i  /3i, 
fe  c  b 


(3-34) 


(3-35) 


v  =0 
ce 


The  parameters  h^  and  can  be  measured  by  using  the  test 

25 

configurations  shown  in  Figure  3-18.  (The  branch  containing  the 
50  ft  resistor  and  capacitor  C£  is  considered  to  be  a  short-circuit 
at  1  kHz. ) 


Expressions  for  h-parameters  will  be  given  in  terms  of  parameters 
of  the  hybrid-pi  model  shown  in  Figure  2-10.  This  model  is  shown  in 
conventional  form  in  Figure  3-19  where  the  capacitances  C  and  are 
defined  by^® 


C  ■«  C,  +  C , 
P  jc  d 


C  =  C.  +  C, 
it  je  b 


(3-36) 


(3-37) 


At  1  kHz  these  capacitors  are  essentially  open  circuits  and  the  para¬ 


meters  h^e  and  h^g  are  given  approximately  by 


h.  =  r,  +  r 
ie  b  n 


hc  =  g  r 
fe  °m  7t 


(3-38) 


(3-39) 


where  the  assumption  that  r  is  large  has  been  made. 


Using  Eq.  (2-51)  for  g  which  is  g  =  q  I_  /kT  in  the  above 

m  m  L 

equations,  the  following  expression  for  r^  is  obtained 


rb  "  hie  -(kT/q|lCl)hfe 


(3-40) 
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(b)  High  Frequency  AC  Measurement 

Figure  3-20  shows  a  small  signal  equivalent  circuit  that  can 
be  used  to  calculate  the  common-emitter  short-circuit  input  admit¬ 
tance  y  .  The  following  equation  is  obtained: 


y 


ie 


Vvhe 


V,  =  0 
be 


8b+g1T+gp+ja,(c1,+cp) 


(3-41) 


where 

gb  =  1/rb’  V1/rM’  ^  8Tr=1/rrr * 

If  the  frequency  is  high  so  that  the  following  inequalities 
are  true 


gb  «  «(Clf  +  Cp)  (3-42) 

g„  «  «  (Cw  +  Cy)  (3-43) 

gy  «  u)  (Cff  +  C^)  (3-44) 

then  Eq.  (3-41)  yields  the  result 

rb  =  1/Re(yie)  (3-45) 


By  using  an  admittance  bridge  to  measure  y^e  at  a  single  high  fre¬ 
quency,  a  value  for  rb  can  be  obtained. 


The  method  for  determining  the  incremental  base-spreading 
resistance  rb  just  described  is  very  much  an  oversimplified  method. 
Both  the  parasitic  base  resistance  rb  and  emitter  resistance  rg' 
depend  upon  the  current  level  and  the  frequency.  This  subject  has 
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FIGURE 


FIGURE  3 


FIGURE  3 


hfe  =  (1Mft/50&)  V0/Vs 

Circuit  for  Measuring  hi£  and  hfg.  Note  that  the  Quantities 
V  Ib’  etc*>  Are  the  Complex  Amplitudes  of  Sinusoidal 
Quantities.  See  Appendix  I  on  Notation. 


-20  Small  Signal  Equivalent  Circuit  for  Measuring  Common- 

Emitter  Short-Circuit  Input  Admittance  y.  =  I./V,  . 

ie  b  be 

Note  that  the  Quantities  I  ,  V,  ,  etc.,  are  the  Complex 

d  be 

Amplitudes  of  Sinusoidal  Quantities,  See  Appendix  1  on 
Notation. 
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21  26 

been  discussed  by  several  investigators.  ’ 
paper  on  this  subject  is  the  one  by  Sansen  and  Meyer.  Although  it 
is  not  our  intent  to  discuss  this  paper  fully  in  this  dissertation 
it  is  worthwhile  to  point  out  that  the  determination  of  the 
incremental  parasitic  resistances  r^  and  r  *  is  complicated  by 
several  effects.  These  effects  are  caused  by  parasitic  capacitances 
associated  with  package  wires,  bond  wires,  and  the  distributed  re¬ 
sistive  and  capacitive  aspects  of  the  base  region  responsible  for 
r^.  One  of  the  methods  reviewed  in  the  paper  by  Sansen  and  Meyer 
is  the  circle  diagram  method.  This  method  involves  plotting  the 
locus  of  the  short-circuit  input  impedance  h^e  (h^  =  1/y  )  in 

the  complex  plane  as  a  function  of  frequency.  Using  the  circuit 


shown  in  Figure  3-21,  a  first-order  analysis  indicates  that  the 
locus  for  h^^  is  a  semicircle  that  intercepts  the  real  axis  at 
low  frequencies  where 


h.  =  r  +r,+(l+g  r  )  r  ’ 
le  tt  b  '  °m  it '  e 


(3-46) 


and  at  high  frequencies  where 


h.  =  r,  +  r  1 
le  b  e 


(3-47) 


This  locus  is  shown  in  Figure  3-22.  (The  actual  device  experimental 
results  may  deviate  from  this  locus  at  high  frequencies  because  of 
the  effects  due  to  other  parasitic  elements  not  shown  in  Figure  3-21.) 


Of  particular  interest  to  us  is  Eq.  3-47  which  can  be  used  to 
determine  a  value  for  r^  +  rfi'.  By  plotting  the  experimental  re- 


suits  for  h^e  at  high  frequencies  on  the  complex  plane  as  shown  in 

Figure  3-23  for  a  2N5109  BJT,  the  high  frequency  real  axis  intercept 

can  be  determined  by  drawing  a  circle  through  the  data.  The  value 

for  r,  +  r  '  is  observed  to  lie  in  the  range  30  to  35  ohms.  For 
be 

alternate  data  processing  techniques  the  reader  is  referred  to  the 

26 

original  paper  of  Sansen  and  Meyer. 


NCAP  Emitter-Base  Capacitance  Parameters* 


The  NCAP  emitter-base  capacitance  parameters  C .  ^  and  C^'  can 
be  determined  from  measurements  of  the  parameter  f^  versus  the  dc 
emitter  current  I  .  The  parameter  fT  is  the  frequency  at  which 
the  magnitude  of  the  common  emitter  incremental  short-circuit 
current  gain  extrapolates  to  unity.  In  order  to  establish  how 


the  parameters  C^e  and  C ^  are  determined  from  measurements  of 
f^,  the  theoretical  expression  for  the  NCAP  nonlinear  current 
generator  Ye(vke)  shown  in  Figure  2-12  must  be  established. 

The  necessary  relationships  will  now  be  derived. 


Rewriting  Eq.  (2-15)  for  the  charge  stored  in  the  emitter- 
base  region  in  terms  of  the  total  instantaneous  charge  q  and 

DCj 

intrinsic  emitter-base  voltage  v*  ,  we  have 

DCi 

VBE  -m 

-Ik  •  'F  Ve*P<qv;E/M)-l)  +  C  (1-V/^)  «dV  (3-48) 

. 

o 

*  Note  that  the  parameter  C.  used  in  NCAP  is  not  actually  the 
emitter-base  junction  depletion  layer  capacitance.  Instead  it 

is  a  parameter  determined  by  an  extrapolation  process  as  is  discussed 
in  this  section. 
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V 


FIGURE 


FIGURE 


-21  Small  Signal  Equivalent  Circuit  for  Calculating  the 

Common-Emitter  Short-Circuit  Input  Impedance  h.  =  V  /I 

le  be  b. 

Note  that  the  Quantities  Ife,  Vfee,  etc.,  are  the  Complex 

Amplitudes  of  Sinusoidal  Quantities.  See  Appendix  I  on 
Notation. 


i-22  Input  Impedance  Locus  Plot.  The  Intercepts  of  the 

Semicircle  witn  the  Real  Axis  Yield  the  Value  of  r^(Rg) 
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VCE  ”  '  J  v  >  ■LC  "  mM 

FIGURE  3-23  Typical  Re(hie>  Versus  Im(h^e>  Locus  Plot  for  a 

2N5109  BJT.  These  Circles  were  Obtained  by  Somewhat 
Judicious  Choice  of  Three  Points.  Choice  of  a  Different 
Set  of  Three  Points  will  Yield  Slightly  Different  Circles 


Our  goal  Is  to  relate  the  NCAP  nonlinear  current  generator  y  (v^g) 


to  the  current  dq_.„/dt  evaluated  in  the  vicinity  of  the  BJT 

DEi 

operating  point  (Vgp,  I£) .  For  a  BJT  operated  in  the  normal  region, 
the  emitter-base  junction  is  forward-biased.  Expanding  Eq.  (3-48) 
about  the  operating  point  and  differentiating  the  result  with  re¬ 
spect  to  time  t,  the  following  result  is  obtained 

W'Ve  e  (i/n! )  (q/kT)  ^(v^) 
n=l 

-  1  3n'1[Cieo(1"VBE/<‘,E)  me]  A 

+  Z,  -p  {- - 122 - -B-  E  - - )  i-  (v'  n)  (3-49) 

n=l  n!  n-1  1  dt  '‘  be  ’ 

8  VBE 


Note  that  the  NCAP  parameter  list  does  not  include  the  parameters 
Cjeo*  ‘t’E  °r  me  used  ±n  SPICE2  and  SCEPTRE.  Instead  the  NCAP  computer 
code  is  written  for  an  approximate  version  of  the  above  equation. 

The  approximation  is  believed  to  be  that  the  second  sum  is  represented 
by  a  single  linear  term  (n  =  1)  which  is  Cjedv^£/dt.  Thus  the  NCAP 
nonlinear  current  generator  Ye(v£  )  must  be  equivalent  to 

W  •  Vg^u/iiHq/kT)  |L  (v.e)n 


+  C.  dv'  /dt 
je  be 


(3-50) 


The  parameter  ip  is  not  used  in  NCAP.  Instead  a  parameter  C'2 
is  used.  The  parameter  C^  is  the  derivative  of  the  coefficient  of 
the  linear  term  in  the  above  equation  with  respect  to  the  dc  emitter 
current  I£.  The  linear  term  in  the  above  equation  is  the  current 
Ye(  ^  ^Vbe^  where  \,(1)  (vbe)  is  given  by 

Ye(  )  (vbe)  =  (TFIE(q/kT)  +  Cje)dvbe/dt  (3-51) 


The  coefficient  (t  I  (q/kT)  +  C.  )  is  identical  to  the  parameter 
r  E  je 

C^  in  the  hybrid-pi  model.  This  can  be  seen  by  noting  that  the 
term  t  I  (q/kT)  is  approximately  equal  to  the  capacitor  C,  defined 
by  Eq.  (2-19)  because  I  2?  for  a  operated  in  the  normal 

region.  The  hybrid-pi  model  parameter  is  given  by  +  C  . 

Thus  the  hybrid-pi  model  parameter  can  be  expressed  by 

C*  -  +  Cje  (3'52) 

The  NCAP  parameter  is  thus  given  by* 

C'2  =  dC^/dI£  =  Tp(q/kT)  (3-53) 


By  plotting  the  hybrid-pi  parameter  C  versus  the  dc  emitter  current 


T  .  the  NCAP  parameters  C’  and  C.  can  be  determined  from  the  slope 
E  2  je 

and  intercept  of  the  resulting  curve. 


Next  we  want  to  relate  the  cutoff  frequency  fT  to  C^.  The 

relationship  between  f^  and  can  be  derived  by  beginning  with 

the  definition  of  the  common  emitter  short-circuit  current  gain 

h-parameter  h^e  at  a  frequency  f.  From  Figure  3-20  the  parameter 

h,.  can  be  calculated  assuming  that  r  »  1/wC  ;  the  result  is 
fe  p  P 


h,  =  I  /I.  =  g  r  /(l+ju(C  4C  )r  ) 
te  c  b  m  ir  tt  p  tt 


(3-54) 


Equation  (3-54)  is  plotted  in  Figure  3-24  in  the  conventional 
manner  which  is  a  plot  of  log  jh^j  vs  log  f.  The  low  frequency 
asymptote  is  g^r^  which  is  the  h^  value  measured  at  1  kHz.  The 
corner  frequency  f„  is  given  by  f .  =  l/2irr  (C  +  C  ).  The 

P  P  TT  TT  p 

*  The  NCAP  parameter  can  be  determined  directly  from  the  large 
signal  model  parameter  used  in  SPICE2  and  SCEPTRE  by  using  Eq.  (3-53). 


Let 


frequency  at  which  |hf  |  =  1  is  by  definition  the  frequency  fT- 

the  measurement  frequency  f  have  any  value  in  the  range  fg  <  f^<  f, 

18 

then  the  important  result 


(3-55) 

can  be  obtained  by  geometrical  arguments  based  upon  Figure  3-24. 

Thus  by  measuring  |hfe(f) |  at  a  frequency  fffl  in  the  range  fg  <  fm< 
a  value  for  f^,  can  be  determined  using  Eq.  (3-55).  Measurements  of 
the  frequency  f^,  were  made  on  a  commercial  bridge  (Automatic  Measure¬ 
ment,  Inc.  Model  OH- 100)  specifically  developed  for  this  purpose  at 

f  =  100  MHz. 
m 

When  the  operating  frequency  becomes  very  large,  the  term  1  in 
the  Eq.  (3-54)  can  be  neglected  compared  with  the  term  jw^+C^r^. 
Therefore  Eq.  (3-54)  can  be  written  as 


hfe  "  (3-56) 

Using  the  definition  of  fT  that  |hfe |  =  1  at  f  =  fT,  we  obtain 

lhfe<f=fT)l  *  8m/27rfT(V  V  =  1  (3_57> 

Since  j I  |  =  [ I  j  in  the  normal  region,  we  may  express  g  by  g  = 

L  v»  mm 

q  | X  J  /k.T  and  substitute  this  result  in  Eq.  (3-57)  to  obtain  the 
desired  result  for  the  capacitiance  which  is 

=  (l/2ir)(q/kT)|lE|/fT  -  (3-58) 

By  measuring  values  of  the  cutoff  frequencies  fT*  at  different 
emitter  current  levels,  we  can  use  Eq.  (3-58)  to  calculate  values 


I 

I 


Log  f 


FIGURE  3-24.  Conventional  Asymptotic  Plot  of  |hfe|  vs  f 
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for  the  capacitance  C  .  Usually  when  the  BJT  is  operated  in 
normal  region,  the  capacitance  is  negligible  in  comparison 
with  the  capacitance  C  .  The  C  values  are  plotted  as  a  function 

7T 

of  emitter  current  level  Ig.  Typical  measured  data  for  vs  Ig  for 
a  2N5179  BJT  are  plotted  as  shown  in  Figure  3-25.  The  intercept  on  the 
C  axis  yields  a  value  for  C.  =  4.5  pF.  The  slope  yields  a  value  for 
C'2  =  4.77  pF/mA. 


*It  should  be  noted  that  the  parameter  f  is  not  a  constant  but 
depends  upon  the  emitter  current  I£.  This  is  specially  true  at  low 
values  of  emitter  current  I„  where  the  dominent  contribution  to  the 
charge  stored  in  the  emitter-base  region  is  the  depletion  layer 
charge  given  by  Eq.  (2-17).  It  should  be  further  noted  that  the  plot 
of  C  as  defined  by  Eq.  (3-58)  does  not  have  the  value  C  at  I  =0. 

7T  Jeo  E, 

Instead  the  value  of  as  defined  by  Eq.  (3-58)  at  lg=0  is  Cje» 
which  is  the  parameter  used  in  NCAP. 
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Cje 


_J _ I _ I _ I _ I _ L 

-1  -2  ~3  -4  -5  -6 

IE  (mA) 


FIGURE  3-25 


Plot  of  C  Vs  Used  to  Determine  NCAP  Parameters 


3.2.3  x„,  Forward  Transit  Time  Constant 

r 

The  transit  time  t_,  is  used  in  both  the  computer  programs  SPICE2 

r 

and  SCEPTRE.  A  value  for  is  needed  in  order  to  determine  the 

F 

capacitor  C^  which  appears  in  the  linear  equivalent  circuit  (the 
hybrid-pi  model)  used  for  ac  analysis  in  both  of  these  programs.  It 
is  also  required  for  transient  analysis. 

Equating  Eqs.  (3-52)  and  (3-58)  for  C^  and  using  the  approximation 
III  =  |l„|,  the  following  expression  relating  the  cutoff  frequency 
f  and  the  forward  transit  time  x  is  obtained. 

1  r 

l/(2TtfT)  =  xF  +  (Cje+CiT)kT/(q|lc|)  (3-59, 

By  plotting  the  factor  l/2irf  vs  the  dc  collector  current  I  , 

X  L 

a  value  for  the  forward  transit  time  xp  can  be  determined  from 
the  intercept  as  shown  in  Figure  3-26.  This  method  works  very  well 
for  high  frequency  transistors  having  values  of  >  300  MHz  and 
values  for  tp  <  0.5  nsec. 

3.3  Large  Signal  Transient  Measurements 

The  forward  transit  time  x  and  the  reverse  transit  time  x,, 

used  in  the  computer  program  SPICE2  and  SCEPTRE  can  be  measured 

in  the  time  domain.  The  small  signal  method  used  to  determine  the 

tp  value  just  described  seems  superior  to  transient  measurement 

methods.  This  is  specially  true  for  x  values  less  than  0.5  nsec. 

However,  the  small  signal  method  can  not  be  used  to  determine  a 

value  for  the  reverse  transit  time  x  because  the  short-circuit 

R 

current  gain  is  less  than  1  for  a  BJT  operated  in  reverse  region. 
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Thus  a  time  domain  measurement  method  for  the  reverse  transit  time 

.  j  27 
is  used. 

The  basic  scheme  used  to  measure  the  reverse  transit  time  xR 

is  illustrated  in  Figure  3-27.  Three  pulses  with  rise  times  short 

compared  to  the  pulse  duration  are  used.  The  pulse  amplitudes 

V, ,  V„,  and  V„  are  adjusted  so  that  the  emitter-base  voltage  v__ 

12  3  tB 

observed  on  an  oscilloscope  (CRO)  is  zero.  The  procedure  used  is 

to  set  at  a  low  value  and  to  adjust  the  amplitudes  and  until 

the  v  transient  response  vanishes.  The  amplitude  for  V  =  V  °, 

EB  1  X. 

=  V^0  and  =  V^°  are  recorded. 

Next  the  amplitude  is  increased,  and  the  procedure  is  re¬ 
peated.  By  plotting  the  time  (V^0  /V20>  CR2  vs  the  current  (V^0/ 

R2)  as  shown  in  Figure  3-27,  a  value  for  xR  can  be  determined. 

For  additional  details  the  reader  is  referred  to  Ref  27. 

Finally  it  should  be  noted  that  since  the  BJT  is  operated  in  the 

normal  region  that  the  reverse  transit  time  x  is  not  an  important 

R 

parameter.  In  this  case  a  default  value  such  as  x  =  100  nsec  can 

R 

be  used. 

3.4  Parasitic  Elements 

At  frequency  greater  than  100  MHz  many  parasitic  elements  may 
affect  BJT  operation.  These  include  the  lead  inductances  associated 
with  the  bond  wires  attached  to  the  emitter  and  base  metallizations 
and  the  three  BJT  leads  used  to  make  external  circuit  connections. 

Also  important  are  the  capacitive  parasitic  elements.  In  the  computer 
program  NCAP  the  parasitic  capacitors  and  C3  are  used  to  denote  the 


<v“/v;) 


v»  to 


Input  waveforms  for  V,  ,V2 ,  and  V3 
and  V2  not  well  adjusted 


V1  and  V2  well  adjusted  ;V3  not  well  adjusted 


Vj/R2  (mA) 


FIGURE  3-27 


Test  Configuration  and  Waveforms  for  the  Measure 
ment  and  the  Evaluation  of  the  Reverse  Transient 
Time 


capacitances  between  emitter  and  base  leads  and  between  collector 
and  base  leads  respectively.  Another  parasitic  capacitance  between 
collector  and  emitter  leads  also  exists.  In  an  integrated  circuit 
additional  parasitic  capacitances  exists  for  the  BJT.  These  include 
the  junction  capacitance  of  each  PN  junction  used  to  provide  isolation. 
One  of  these  is  denoted  in  SPICE2  as  the  substrate  capacitance  C  , 
which  is  the  capacitance  between  the  collector  region  and  the  substrate. 

There  is  really  no  way  to  determine  values  for  each  individual 

parasitic  component  directly.  The  most  widely  used  procedure  is 

to  include  the  parasitic  elements  in  a  small  signal  linear  incremental 

model  for  a  tansistor  and  to  adjust  parasitic  element  values  to  obtain 

the  best  fit  between  measured  and  calculated  parameters  such  as 
24 

y-parameters .  Although  this  procedure  is  tedious  and  time  consuming 

and  does  not  usually  lead  to  a  unique  set  of  parasitic  elements  values, 

,  24 

there  xs  simply  no  other  way. 

3.5  Summary  of  Parameter  Values 

In  this  section  the  parameter  values  measured  for  two  discrete 
transistors  are  summarized.  In  Table  3-3  the  NCAP  parameter  values 
are  presented  for  two  NPN  BJT's:  the  2N5179  and  the  2N918.  In  Table 
3-4  the  SCEPTRE  parameter  values  for  these  transistors  are  given. 

In  Table  3-5  the  SPICE2  parameter  values  are  given  for  these  transistors. 
Since  there  are  actually  two  different  large  signal  models  available 
in  SPICE2,  parameter  values  for  both  models  are  given.  The  procedures 
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BMi-WM 


used  to  determine  the  Ebers-Moll  model  parameters  have  been  described 
in  this  chapter.  Additional  methods  not  described  in  this  chapter 
were  used  to  obtain  values  for  the  SPICE  Integral  Charge  Control  Model 
(ICM)  .parameters.  For  completeness  ICM  model  parameters  are  also 
included  in  Table  3-5. 

TABLE  3-2 

TYPICAL  RESULTS  OBTAINED  USING  THE 
COMPUTER  PROGRAM  OPTIMIZATION  TECHNIQUE 
LISTED  IN  TABLE  3-1 

Input  Data 


c 

V 

C 

C  -C 

me  as 

bias 

X 

meas 

(PF) 

(V) 

(PF) 

(PF) 

3.6 

0.002 

1.24 

2.36 

3.46 

0.119 

1.24 

2.22 

3.38 

0.219 

1.24 

2.14 

3.31 

0.319 

1.24 

2.07 

3.21 

0.509 

1.24 

1.97 

3.04 

1.01 

1.24 

1.8 

2.86 

1.97 

1.24 

1.62 

2.74 

3.01 

1.24 

1.5 

2.60 

5.0 

1.24 

1.36 

Output  Data 

C. 

m 

No.  of 

jeo 

(pF) 

E 

(V) 

e 

2.36 

0.36 

0.2 

4 
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TABLE  3-3 

NCAP  BIPOLAR  JUNCTION  TRANSISTOR  MODEL  PARAMETERS 


PARAMETER 


DESCRIPTION 


2N5179  2N918 


n 

Avalanche  Exponent 

3.26 

8.61 

VCB<V> 

Collector  Base  Bias 

Voltage 

5.0 

5.0 

VCBO(V) 

Avalanche  Voltage 

45 

60 

P 

Collector  Capacitance 

Exponent 

0.37 

0.328 

Ic  (mA) 

Collector  Bias  Current 

1.0 

1.0 

I  (mA) 

Cmax 

Collector  Current  at 

Maximum  DC  Current  Gain 

10 

3 

a 

hOI,  Nonlinearity 
r  h 

Coefficient 

0.122 

0.879 

^FEmax 

Maximum  DC  Current  Gain 

46 

48 

k(pF-V^) 

Collector  Capacitor 

Scale  Factor 

0.588 

0.85 

Ref 

Diode  Nonideality  Factor 

1.006 

1.027 

cje(pF) 

Base-Emitter  Junction 

Space  Charge  Capacitance 

4.5 

5.0 

C^(pF/tnA) 

Derivative  of  Base-Emitter 
Diffusion  Capacitance 

4.77 

5.68 

rb(n) 

Base  Resistance 

50 

39 

rc(M«) 

Collector  Resistance 

1.254 

0.473 

C^pF) 

Base-Emitter  Capacitance 

7.16 

7.0 

C3(PF) 

Base-Collector  and 

Overlap  Capacitance 

0.48 

1.27 

TABLE  3-4 

SCEPTRE  BIPOLAR  JUNCTION  TRANSISTOR  MODEL  PARAMETERS 


PARAMETER 


DESCRIPTION 


0  (=q/(Ref)kT)  Emitter-Base  Junction 
E  Constant 

0  (=q/(Rcf)kT)  Collector- Base  Junction 
C  Constant 


ies(a> 


W4’ 


Emitter-Base  Saturation 
Current 


n  (=m  ) 
E  e 


nc(-»c) 


»E(V) 


*c<») 


COE (=C  4>  e)  (pF-V z)  Emitter  Transition 

3eo  E  Capacitance  Constant 

m  i 

COC  (=C .  <f>„  c)  (pF-V^)  Collector  Transition 

Jco  C  Capacitance  Constant 

X  (=T_)(nsec)  Emitter  Diffusion 
E  F 


Capacitance  Constant 


(nsec)  Collector  Diffusion 
S  R  Capacitance  Constant 

RB  (*R  =r,  )  (fl)  Base  Bulk  Resistance 
B  b 

RC  (=R  *r')  (0)  Collector  Bulk  Resistance 

bv  C 


ri  (n) 


Emitter-Base  Junction 
Leakage  Resistance 


2N5179  2N918 
38.23  37.45 

16.65 

2.4E-16  8.62E-16 


Collector-Base  Saturation  4.6E-10 

Current 

Forward  Current  Gain  0.979 

Inverse  Current  Gain  0.556 

Emitter  Junction  Grading  0.283 

Constant 


Constant 

Emitter-Base  Junction 
Contact  Potential 

Collector-Base  Junction 
Contact  Potential 


0.979 

0.98 

0.556 

0.636 

0.283 

0.342 

0.37 

0.328 

0.7 

0.7 

0.5 

0.5 

0.65 

0.83 

0.59 

0.85 

0.13 

0.15 

50 

115 

50 

39 

1 

1.11 

R2  (**r  )  (kO)  Collector-Base  Junction  1250 
c  Leakage  Resistance 
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TABLE  3-5 


SPICE2  BIPOLAR  JUNCTION  TRANSISTOR  MODEL  PARAMETERS 


PARAMETER 

DESCRIPTION 

2N5179 

2N918 

TYPICAL  VALUE 

bf(=sn) 

Ideal  Forward  Current  Gain 

46 

48 

100 

BR(=0I) 

Ideal  Reverse  Current  Gain 

1.25 

- 

0.1 

IS(=IS)(A) 

Saturation  Current 

2.4E-16 

8.6E-16 

1.0E-16 

RB(=RB=rb)(fi) 

Base  Ohmic  Resistance 

50 

39 

100 

RC(=Rsc*r*)(fl) 

Collector  Ohmic  Resistance 

1 

1.11 

10 

RE(=RSE=r^)(fi) 

Emitter  Ohmic  Resistance 

2.45 

1.75 

1 

va(=va) (V) 

Forward  Early  Voltage 

50 

28 

200 

*VB(V) 

Reverse  Early  Voltage 

32.5 

27.5 

200 

*IK(mA) 

Forward  High-Current 

Knee  Current 

7 

10 

10 

*C2 

Forward  Low-Current  Nonideal 
Base  Current  Coefficient 

80.4 

930 

1000.0 

*NE 

Nonideal  Low-Current  Base- 
Emitter  Emission  Coefficient 

1.393 

1.644 

2.0 

*IKR  (mA) 

Reverse  High-Current  Knee 
Current 

100+ 

100+ 

100 

*C4 

Reverse  Low-Current  Nonideal 
Base  Current  Coefficient 

1.0+ 

l.Ot 

1.0 

*NC 

Nonideal  Low-Current  Base-  2.0t 

Collector  Emission  Coefficient 

2.0t 

2.0 

TF(=Tp) (nsec) 

Forward  Transit  Time 

0.13 

0.15 

0.1 

TR(=tr) (nsec) 

Reverse  Transit  Time 

50 

115 

10 

CCS(=Ccs)(pF) 

Collector-Substrate  Capacitance  1.28 

1.3 

2.0 

CJE(“Cjeo)(pF) 

Zero-Bias  B-E  Junction 
Capacitance 

0.72 

0.94 

2.0 

pe(-$e)(v) 

B-E  Junction  Potential 

0.7 

0.7 

0.7 

*ME(«me) 

B-E  Junction  Grading 
Coefficient 

0.283 

0.342 

0.33 
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TABLE  3-5  (Continued) 


PARAMETER 

DESCRIPTION 

2N5179 

2N918 

CJC(=Cje6)(pF) 

Zero-Bias  B-C  Junction 
Capacitance 

0.76 

1.065 

PC(=4>C)(V) 

B-C  Junction  Potential 

0.5 

0.5 

*MC(=mc) 

B-C  Junction  Grading 
Coefficient 

0.37 

0.328 

EG  (eV) 

Energy  Gap 

1.11 

1.11 

**py 

Saturation  Current  Temperature 
Exponent 

3.0+ 

3.0+ 

**KF 

Flicker  Noise  Coefficient 

6. 

6E-16+ 

6.6E-16+ 

**AF 

Flicker  Noise  Exponent 

1+ 

1+ 

*FC 

Forward-Bias  Nonideal  Junction 
Capacitance  Coefficient 

0.5+ 

0.5+ 

*  Integral  Charge  Control  Model  Parameters 
**  Flicker  Noise  Model  Parameters 

+  Typical  Values  are  Used 
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CHAPTER  FOUR 


INTEGRATED  CIRCUIT  MODEL  PARAMETERS 

In  this  dissertation  two  integrated  circuits  have  been  investigated. 
One  is  a  dual  differential  pair  and  the  other  is  an  operational  ampli¬ 
fier.  The  RCA  CA3026  dual  differential  pair  was  selected  because  the 
differential  pair  is  the  basic  building  block  used  in  integrated  cir¬ 
cuit  and  because  it  is  relatively  simple  to  analyze.  The  Fairchild 
pA741  monolithio  operational  amplifier  was  selected  because  it  is  one 
of  the  most  widely  used  linear  integrated  circuits. 

In  this  chapter  procedures  used  to  determine  the  transistor  model 
parameters  for  the  BJT's  in  these  two  integrated  circuits  will  be 
described.  Parameter  values  were  determined  in  three  ways.  One  method 
involves  the  use  of  the  manufacturer's  data,  when  such  data  are  avail- 
able  for  individual  BJT's  in  the  IC.  The  second  method  involves  the 
use  of  probe  techniques.  The  IC  case  is  opened  and  the  metallization 
areas  of  an  individual  BJT  are  contacted  with  small  area  metal  probes. 

The  third  method  involves  using  the  model  parameters  reported  by 
other  investigators. 

In  the  next  section  BJT  model  parameter  for  the  RCA  CA3026  dual 
differential  pair  will  be  discussed.  Then  the  model  parameters  for 
the  BJT's  in  the  Fairchild  pA741  operational  amplifier  will  be 
discussed. 

*  Manufacturer's  data  for  the  individual  transistors  in  the  CA3026 

dual  differential  pair  were  available.  This  is  very  unusual. 

Such  data  are  normally  not  available. 
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4.1  The  CA3026  Dual  Differential  Pair 


Shown  in  Figure  4-1  is  a  schematic  diagram  of  the  RCA  CA3026. 

There  are  two  separate  differential  pair  circuits  in  this  IC.  The 
transistors  Ql,  Q2,  and  Q3  form  one  unit  and  the  transistors  Q4,  Q5, 
and  Q6  form  the  other  unit.  All  the  six  transistors  are  identical  in 

structure.  A  cascode  amplifier  using  a  CA3026  dual  differential  pair 

was  built.  It  is  a  two  stage  amplifier  with  a  common-emitter  first 

stage  and  a  common-base  second  stage.  Since  the  input  impedance  of 

the  common-base  stage  is  low,  the  amplifier  has  a  wide  bandwidth  with 

18 

a  decent  voltage  gain. 

As  shown  in  Figure  4-2,  the  cascode  amplifier  uses  four  of  the 
BJT's  in  the  CA3026.  The  transistor  Q3  serves  as  the  gain  stage  in 
a  C-E  configuration;  the  transistor  Q2  serves  as  a  buffer  stage  in  a 
C-B  configuration.  The  transistor  Ql  which  is  often  used  for  automatic 
gain  control  (AGC)  has  its  collector  connected  to  ac  ground  through 
a  capacitor  C5  so  that  no  AGC  action  is  provided  by  Ql  in  the  cascode 
amplifier  circuit  shown  in  Figure  4-2.  The  transistor  Q4  is  used  as 
part  of  the  dc  bias  circuitry  as  a  current  mirror  diode.  Resistors 
Rl,  R2,  R3,  and  R4  are  used  for  dc  bias.  The  input  signal  for  the 
amplifier  is  coupled  into  the  base  terminal  of  the  Q3  through  a 
coupling  capacitor  Cl,  and  the  output  signal  is  coupled  out  at  the 
node  between  the  resistors  R5  and  R6.  The  output  impedance  of  the 
amplifier  was  set  near  51  ohms  at  midband  frequencies  by  the  resistor 
R5  so  that  50  ohms  input  impedance  measuring  instruments  could  be 
connected  directly  to  the  amplifier. 
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Since  the  computer  program  NCAP  will  be  used  to  calculate  the 
nonlinear  performance  of  this  amplifier,  dc  operating  point  information 
for  all  transistors  is  needed.  This  information  will  be  determined 
first. 

4.1.1  Direct  Measurement  of  DC  Operating  Points 

The  resistors  R1-R4  were  selected  to  provide  dc  collector  currents 

in  the  1-5  mA  range.  By  measuring  the  voltages  across  the  resistors  R4,  R5, 

R6  and  R7  shown  in  Figure  4-2,  the  dc  collector  currents  I  and  I  „ 

for  transistor  Q1  and  Q2  can  be  determined.  The  emitter  current  1 

for  Q3  is  approximately  the  sum  of  1^  and  I^.  By  measuring  the  voltage 

across  the  resistor  R2,  the  emitter  current  I  .  for  Q4  can  be  determined. 

c.4 

Since  the  transistor  Q4  is  operated  in  a  diode  mode  and  is  shunted 
by  a  large  capacitor  (C2  =  0.1  pF),  the  transistor  Q4  does  not  affect 
the  cascode  amplifier  ac  operation.  Thus  the  transistor  model 
parameters  for  Q4  are  not  presented.  The  collector-base  voltages 
V  .  and  V  for  the  transistors  Q1  and  Q2  can  be  measured  directly. 

The  collector-base  voltage  can  be  determined  by  measuring  the 

voltage  Vg2  between  pin  8  and  pin  2.  The  voltage  8iven 

approximately  by  Vg^  -0.6  V  where  a  base-emitter  voltage  value  of 
0.6  V  is  assumed  for  the  transistor  Q^.  A  summary  of  the  dc  operat¬ 
ing  points  for  the  BJT’s  in  the  CA3026  cascode  amplifier  is  given  in 


Table  4-1. 


TABLE  4-1 


NCAP 

INPUT  PARAMETERS 

FOR  RCA  CA3026 

INTEGRATED 

CIRCUIT 

Parameter 

Method 

Q2 

Q3 

n 

Meas . a 

4.67 

4.67 

4.67 

VCB(V) 

Meas. 

2.20 

0.25 

1.36 

WV> 

Meas . 

60.0 

60.0 

60.0 

V 

Meas . 

0.34 

0.34 

0. 34 

Ic(mA) 

Meas. 

1.25 

1.83 

3.12 

ICmax(raA) 

Meas. 

2.00 

2.00 

2.00 

a 

Meas. 

0.5 

0.5 

0.5 

^FEinax 

Meas. 

110.0 

110.0 

110.0 

kCpF-V*5) 

Meas. 

1.99 

1.99 

1.99 

Ref 

Meas. 

1.04 

1.04 

1.04 

cje(pF) 

Manu . k 

5.13 

5.13 

5.13 

C^pF/tnA) 

Manu. 

9.86 

9.86 

9.86 

r^Cohm) 

Manu. 

512.0 

554.0 

483.0 

rc(kohm) 

Meas. 

40.0 

50.0 

50.0 

Cjl  (pF) 

- 

0.1 

0.1 

0.1 

C3(pF) 

- 

0.1 

0.1 

0.1 

Meas:  Determined  from  Measurements 

2 

Manu:  Determined  from  Typical  Transistor  Data  Provided  by  Manufacturer. 
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4.1.2  NCAP  BJT  Model  Parameters 


Also  given  in  Table  4-1  are  typical  values  for  all  the  NCAP 
BJT  mocfel  parameters  for  the  CA3G26.  These  typical  parameter  values 
were  determined  in  two  ways.  When  available  the  typical  data  for  the 
individual  transistors  in  the  CA3026  provided  by  the  manufacturer 
were  used.  Unfortunately  not  all  the  NCAP  model  parameters  for  the 
BJT's  in  the  CA3026  can  be  determined  from  manufacturer's  data. 

Probe  techniques  were  used  to  determine  the  additional  data  required. 
The  probe  techniques  are  destructive  techniques.  By  destructive 
techniques  we  mean  that  a  CA3026  which  has  been  probed  to  determine 
the  BJT's  model  parameters  used  in  NCAP  can  no  longer  be  used  in  the 
cascode  amplifier  shown  in  Figure  4-2.  Therefore,  the  NCAP  model 
parameters  for  the  CA3026  determined  by  probing  are  representative 
values  determined  from  the  10  -  15  IC's  probed.  First  we  shall 
describe  how  some  of  the  parameter  values  can  be  determined  from 
manufacturer's  data  and  then  how  the  remaining  parameter  values  can 
be  determined  by  using  probing  techniques. 


4. 1.2.1  The  Use  of  Manufacturer's  Data2 


Shown  in  Figure  4-3  are  typical  characteristics  for  an  individual 

transistor  in  the  CA3026  provided  by  the  manufacturer.  From  these 

data,  values  for  the  NCAP  parameters  Cl,  C.  ,  and  r,  can  be  determined. 

z  je  b 

The  high  frequency  parameters  C  and  Cl  can  be  determined  using 

j  g  ^ 

the  data  given  in  the  plot  of  the  gain-bandwidth  product  fT  vs 
collector  current  1^.  The  procedures  described  in  Section  3.2.2  are 
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FIGURE  4-3  Typical  Characteristics  for  Each  Transistor  in 

CA3026.  (After  Ref.  (28)). 


Equation  (3-58)  is  modified  by  including  the  emitter  base  diode 
nonlinearity  factor  Ref  and  by  neglecting  C  .  The  result  is 

=  q|lE|/(2irfTRefkT)  (4-1) 

It  is  also  assumed  that  the  dc  emitter  current  I  and  dc  collector 

£ 

current  Ic  are  equal.  (A  value  for  Ref  =  1.044  was  determined  using 

probe  techniques  to  be  described  later.)  Convenient  values  of  I  (I) 

Ev  C' 

are  selected  and  the  corresponding  values  of  f  are  determined  from 
Figure  4-3.  Next  the  values  of  C^  are  calculated  by  using  Eq.  (4-1) 
and  plotted  vs  1^  as  shown  in  Figure  4-4.  The  numerical  values  of 
parameters  Ig,  f^,,  and  C^  used  are  tabulated  on  the  following  page. 
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*E 

(mA) 

0.6 

0.8 

1.0 

2.0 

4.0 

7.0 

10.0 

fT 

(MHz) 

370 

400 

430 

510 

570 

569 

530 

C 

ir 

(pF) 

9.62 

11.9 

13.8 

23.3 

41.6 

74.2 

111.9 

From  Figure  4-4,  the  slope  (C')  and  the  intercept  (C  )  were  found 

*  Je 

to  be*  =  9.86  pF/mA 

Cje  *  5.13  pF 

These  values  are  given  in  Table  4-1. 

Values  for  the  base  spreading  resistance  rfe  can  be  determined 
using  Eq.  (3-40)  and  the  data  presented  in  Figure  4-3  for  the  short- 
circuit  input  impedance  hi£  and  the  short-circuit  current  gain  hfe> 
Values  for  the  dc  operating  point  collector  current  I  are  taken  from 
Table.  4-1.  The  following  table  summarizes  the  numerical  results: 


Ql 

Q2 

Q3 

:c(mA) 

1.25 

1.85 

3.12 

lfe 

110 

110 

110 

ile  (ohm) 

2.8k 

2.1k 

1.4k 

k  (ohm) 

512 

554 

483 

Upon  examining  Figure  4-4  the  value  C 
appropriate  then  the  value  Cjg 


je 

=  5.13  pF. 


4  pF  now  appears  more 
However  the  value 


C.  =  5.13  pF  is  entered  in  Table  4-1  and  was  used  in  the  NCAP 
je 

analysis . 
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The  values  determined  for  r^  for  each  transistor  are  also  listed 
in  Table  4-1.  It  is  appropriate  to  point  out  that  the  manufacturer's 
data  given  in  Figure  4-3  were  measured  at  1  kHz.  At  frequencies 
greater  than  10  MHz,  the  values  for  r^  may  be  less.  As  discussed  in 
Section  3.2.1  the  base  region  modelled  by  the  resistor  rfe  is  actually 
a  distributed  R-C  transmission  line. 


It  is  also  possible  to  determine  a  typical  parameter  value  for 
the  collector  resistance  r^  using  the  manufacturer's  data  for  the 
open  circuit  reverse  transfer  parameter  h  shown  in  Figure  4-3. 
Furthermore  if  it  is  assumed  that  the  large  signal  forward-injection 
common-emitter  short-circuit  current  gain  h„  is  equal  to  the  small 
signal  common-emitter  short-circuit  current  gain  h^,  values  for  the 
NCAP  parameters  ICn)ax>  ^ygmax’  an<*  a  coulc*  determined  using  the  data 
shown  in  Figure  4-3.  This  was  not  the  procedure  used  in  this  disser¬ 
tation.  These  parameters  were  determined  by  using  probing  techniques 
as  described  next. 


4.1.2. 2  The  Use  of  Measured  Data 

In  this  section  the  procedures  used  to  determine  the  NCAP  BJT 
parameters  by  direct  measurements  will  be  described.  In  an  IC  such 
as  the  CA3026  the  BJT's  are  all  interconnected.  It  is  not  possible  to 
measure  the  characteristics  of  one  BJT  in  the  CA3026  by  making  measure¬ 
ments  at  the  IC  terminals.  The  best  procedure  seems  to  be  one  based 
upon  probing  techniques.  The  first  step  is  to  cut  off  the  transistor 
header.  This  was  done  on  a  lathe.  Next  the  glass  passivation  layer 
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is  removed  from  the  areas  to  be  probed.  This  was  done  using  a  sharp 

probe  with  a  tungsten  tip  under  a  microscope.  (See  Appendix  II  on 

probe  preparation.)  Considerable  care,  effort,  and  time  are  required. 
Next  a  single  transistor  on  the  IC  is  isolated  from  all  other  tran¬ 
sistors  on  the  IC.  This  was  done  by  using  a  sharp  probe  with  a 
tungsten  tip  to  cut  the  metallizations  connected  to  the  transistor. 
Finally  the  emitter,  base,  and  collector  metallizations  of  the  isolated 
transistor  are  contacted  with  sharp  metal  probes  held  in  micro¬ 
manipulators  and  viewed  under  a  microscope  with  magnification  200X. 

(1)  Ref,  Base-Emitter  Diode  Nonideality  Factor 

Using  the  procedures  described  in  Section  3.1.1,  the  emitter 
base  diode  nonideality  factor  Ref  can  be  determined.  Values  of  the 

dc  emitter  current  I  are  plotted  vs  dc  emitter-base  voltage  V 

BE 

for  a  representative  BJT  in  the  CA3026  as  shown  in  Figure  4-5. 

Data  measured  for  other  BJT's  in  the  CA3026  are  similar.  Using  Eq. 
(3-2)  and  the  points  (VBEl  =  0.639  V,  I£1  =  20  pA)  and  (VBE2  =  0.759  V, 
IE2  =  500  pA),  we  obtain  Ref  =  1.044.  This  representative  value  for 
Ref  is  listed  in  Table  4-1.  Values  determined  for  Ref  for  BJT’s  in 
other  CA3026  IC’s  are  the  following:  0.998,  0.880,  1.057. 

(2)  hFEmax*  ^max*  hFE  Nonlinearity  Parameters 

Using  the  procedures  described  in  Section  3.1.5,  the  maximum 

dc  current  gain  hFEmax  and  the  collector  current  at  maximum  dc 

current  gain  ICmax  can  be  determined.  Values  of  the  dc  common- 

emitter  forward-injection  short-circuit  current  gain  h__  are  plotted 

FE 
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FIGURE  4-5.  Representative  Plot  of  I_  vs  Vor,  for  an  Individual 

E  BE 

BJT  in  Device  CA3026 
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vs  dc  collector  current  Ic  as  shown  in  Figure  4-6  for  a  representative 

BJT  in  the  CA3026.  Values  for  h  =  110  and  I.  =  2  mA  taken 

r  max  cmax 

directly  from  this  figure  are  listed  in  Table  4-1.  Values  for  other 
BJT's  in  other  CA3026  IC's  are  the  following:  h  ,  113,  133; 

XCmax’  1  mA»  2  mA.  The  value  for  a  is  calculated  using  Eq.  (3-10). 

The  values  for  a  depends  upon  the  point  (Ic,  hpE)  used  in  Eq.  (3-10). 
At  several  sample  points  (1^,  hpp)  a  value  for  a  is  calculated.  The 
following  results  were  obtained. 

IQ  (mA)  hF£ 

0.5  99  0.3065 

5  99  0.701 

An  average  value  a  =  0.5  was  entered  in  Table  4-1  for  all 
transistors.  Values  for  other  BJT’s  in  other  CA3026  IC's  would 
be  similar. 

(3)  V_on,  n»  Avalanche  Nonlinearity  Parameters  and  r  Collector 

LBU  C 

Resistance 

Using  the  procedures  described  in  Section  3.1.9,  the  collector- 

base  breakdown  voltage  V  ,  the  avalanche  nonlinearity  parameter  n» 

and  the  collector  resistance  r  can  be  determined.  Values  for  the 

c 

collector  base  breakdown  voltage  V  and  the  collector  emitter 

tBU 

breakdown  voltage  V  were  determined  directly  from  transistor  curve 
l»Eu 

tracer  displays.  Typical  measured  values  for  several  CA3026  BJT's 

were  V„__.  *  60  V  and  V  =  35  V.  Using  Eq.  (2-24)  and  assuming  value 
LBU  CEU 

for  approximately  equal  to  0.9  at  the  vicinity  of  avalanche 


Forward  Current  Gain 


FIGURE  4-6  Representative  Plot  of  h„  vs  Ip  for  an  Individual 

BJT  in  Device  CA3026 
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breakdown,  a  value  for  q  =  4.67  was  obtained.  This  value  is  given 
in  Table  4-1.  Values  for  other  BJT's  in  the  other  CA3026  IC's  are 


similar.  Values  for  the  collector  resistance  r  were  determined  from 

c 

the  common-emitter  I  -V  characteristics  such  as  those  shown  in 

L  Li, 

Figure  4-7.  The  value  for  r^  was  calculated  using  the  relationship 
l/rc  =(AIc/AVCE)/hFE.  This  equation  is  essentially  Eq.  (2-48)  with 
1  -  ot  replaced  by  l/h„_.  The  following  results  were  obtained: 

rc(Ql)=50  kf2;  rc(Q2)  =  50  kfi;  and  rc(Q3)  =  40  kft. 

These  values  are  listed  in  Table  4-1.  Again  values  for  other  BJT's 

in  other  CA3026  IC's  would  be  similar. 

(4)  k,  p,  Collector  Base  Capacitance  Parameters 

Using  the  procedures  described  in  Section  3.1.12,  the  collector 

base  capacitance  scale  factor  k  and  the  collector  base  capacitance 

exponent  p  can  be  determined.  Values  for  the  collector  base  junction 

capacitance  vs  collector  base  junction  voltage  for  a  representative 

CA3026  BJT  are  plotted  in  the  manner  shown  in  Figure  4-8.  A  value 

for  the  collector-base  junction  potential  =  0.7  V  was  assumed 

(see  Section  3.1.12).  A  value  for  p  =  -0.34  is  determined  directly 

from  the  slope  of  the  capacitance  vs  voltage  plot.  The  capacitance 

C  is  determined  at  V„„  =  0  directly  from  this  plot  as  shown  in 
jeo  CB 

Figure  4-8.  The  value  CjeQ  =  2.25  pF  was  obtained;  using  Eq.  (3-32) 
the  value  k  =  1.993  pF  was  calculated.  These  values  are  given  in 
Table  4-1.  Values  determined  for  other  BJT's  in  other  IC's  are  the 
following: 

p,  0.20,  0.25,  0.11;  k,  1.92,  2.60,  2.20  pF-V^. 
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Collector  Current  Iq  (mA) 


115 


mmmmmmrn 


4.2  The  pA741  Operational  Amplifier 

The  schematic  of  a  pA741  operational  amplifier  and  the  top  view 
connection  diagram  for  a  TO-99  package  are  shown  in  Figure  4-9.  There 
are  24  component  BJT’s  in  the  circuit  diagram.  The  transistors  Q7, 

Q8,  Q9,  Q10,  Qll,  Q12,  and  Q13  constitute  the  bias  circuitry  of  the 
operational  amplifier.  The  input  transistors  Q1  and  Q2  are  emitter 
followers  that  maintain  high  input  impedance  and  low  input  current. 

The  two  transistors  drive  the  emitters  of  the  common-base  differential 
pair  of  PNP  devices  Q3  and  Q4.  The  transistors  Q5  and  Q6  form  an 
active  load  for  Q3  and  Q4  to  provide  high  voltage  gain  in  the  input 
stage.  The  six  transistors  Ql,  Q2,  Q3,  Q4,  Q5,  and  Q6  of  the  input 
stage  provide  features  such  as  a  differential  input  with  high  common- 
mod  e  rejection,  level  shifting,  and  differential  to  single-ended 
conversion. 


The  transistor  Q16  is  an  emitter  follower  that  buffers  the  loading 
effect  of  Q17  to  the  active  load  formed  by  Q5  and  Q6.  The  transistor 
Q17  is  a  common-emitter  amplifier  that  has  an  active  load  formed  by 
Q13B  (designated  as  Q26  in  SPICE2  and  NCAP  simulations),  and  this 
stage  gives  a  large  voltage  gain.  The  transistor  Q24A  (designated  as 
Q24  in  SPICE2  and  NCAP  simulations)  is  another  emitter  follower  that 
reduces  the  loading  effect  of  the  output  stage  on  the  gain  stage.  The 
output  stage  is  composed  of  transistors  Q14  and  Q20.  These  two  tran¬ 
sistors  provide  a  class  AB  output.  The  transistors  Q19  and  Q21  serve 
as  a  level-shifting  unit,  whereas  the  transistors  Q15,  Q23,  Q25,  and  Q24B 
are  included  for  protection  to  prevent  damage  that  might  occur  to  Q14, 
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Schematic  of  pA741  Operational  Amplifier 


Q17,  and  Q20.  Since  the  transistor  Q24B  is  not  active  under  normal 
operating  conditions,  the  device  Q24B  (designated  as  diode  D1  in  SPICE2 
and  NCAP  simulations)  is  modelled  as  a  small  capacitance. 

The  BJT's  in  the  pA741  op  amp  can  be. catalogued  into  five  categories 
as  illustrated  in  Figure  4-10.  These  are  the  small  NPN  (Ql,  Q2,  Q5,  Q6, 
Q7,  Q10 ,  Qll,  Q15,  Q16 ,  Q17,  Q19,  Q21,  Q22,  Q23),  the  large  NPN  (Q14), 
the  lateral  PNP  (Q^,  Q4,  Q8,  Q9,  Q12,  Q25),  the  large  substrate  PNP  (Q20), 
the  dual-collector  lateral  PNP  (Q13A,  Q13B) ,  and  the  dual-emitter  sub¬ 
strate  PNP  (Q24A,  Q24B) . 

Resistors  Rl,  R2,  R3,  R4,  R5,  R7,  R9,  RIO,  Rll,  R12,  and  R13  are 
used  in  the  pA741  as  part  of  the  bias  and  level-shifting  circuitry.  A 
30  pF  capacitor  Cl  is  used  in  the  pA741  op  amp  for  internal  frequency 
compensation.  This  compensation  capacitor  is  connected  around  the 
Darlington  pair  Q16-Q17  and  produces  a  pole  with  magnitude  about  4.9  Hz. 
This  action  makes  the  unity  gain  frequency  of  the  op  amp  to  be  1.25  MHz, 
the  phase  margin  80°  and  the  low-frequency  gain  108  dB. 

A  unity  gain  buffer  amplifier  with  a  pA741  IC  was  selected  for  the 
investigation  of  RFI  effects  in  741  operational  amplifiers  (op  amp). 

Shown  in  Figure  4-11  is  the  circuit  diagram  of  the  unity  gain  buffer 
amplifier.  The  resistor  R0  =  620  ft  is  used  as  a  feedback  resistor 
connected  from  the  output  terminal  of  the  pA741  (node  6)  to  the  in¬ 
verting  input  terminal  (node  2).  The  resistor  RG  is  the  source  im¬ 
pedance  of  the  signal  generator  VG.  For  a  Hewlett  Packard  model  650A 
signal  generator,  the  value  for  RG  is  600  ft.  Thus  at  midband  fre¬ 
quencies,  the  magnitude  of  the  voltage  gain  which  is  RO/RG  of  the 
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the  IC,  and  (2)  the  Linear  Response  of  the  Unity  Gain 
Buffer. 


amplifier  is  about  1.03  (  =  620/600). 


Since  the  computer  program  NCAP  will  be  used  to  calculate  the 
nonlinear  performance  of  this  amplifier,  dc  operating  point  information 
for  all  transistors  is  needed.  This  information  will  be  determined  by  a 
SPICE2  simulation.  Since  the  computer  program  SPICE2  will  be  used  to 
calculate  the  dc  operating  point  information  of  the  transistors  in  the 
op  amp,  the  SPICE2  BJT  model  parameters  values  for  all  transistors  are 
required.  Values  of  the  SPICE2  BJT  model  parameters  will  be  determined 
first. 


4.2.1  SPICE2  BJT  Model  Parameters 

Given  in  Table  4-2  are  two  sets  of  representative  values  for  most 
of  the  SPICE2  BJT  model  parameters  for  the  uA741.  One  set  of  values 

29 

were  obtained  from  the  results  reported  by  Wooley,  Wong,  and  Pederson. 
The  other  set  of  values  were  determined  using  the  probe  measurement 
techniques  discussed  in  Section  4. 1.2. 2.  However,  probe  techniques 
were  not  used  to  determine  the  SPICE2  BJT  parameters  BR,  TF,  TR,  CCS, 
and  EG.  Typical  values  suggested  by  SPICE2  users'  manual  (BR  =  0.1, 

TF  =  0.1  nsec,  TR  =  10  nsec,  CCS  =  2  pF,  and  EG  =  1.11  eV)  are  used 
in  this  dissertation. 

By  using  probing  techniques  dc  characteristics  and  junction 
capacitance  characteristics  were  obtained.  Shown  in  Figures  III-l 
to  III-10  given  in  Appendix  III  are  representative  dc  and  junction 
capacitance  characteristics  for  the  BJT's  in  the  yA741  op  amp. 


Values  for  the  BJT  parameters  shown  in  Table  4-2  were  determined 


from  these  figures  by  using  the  procedures  described  in  Chapter  Three. 

Using  the  procedures  described  in  Sections  3.1.3,  3.1.4,  3  1.7,  3.1.10, 

3.1.11,  3.1.12,  and  3.2.1  the  values  for  the  saturation  current  IS, 

the  forward  current  gain  BF,  the  collector  ohmic  resistance  RC,  the 

Early  voltage  VA,  the  zero-bias  emitter  junction  capacitance  CJE,  the 

zero-bias  collector  junction  capacitance  CJC,  the  built-in  potentials 

PE  and  PC,  and  the  base  spreading  resistance  RB  for  the  BJT's  in  the 

yA741  op  amp  can  be  determined.  If  Eq.  (3-40)  is  used  to  determine 

values  of  RB,  values  of  the  h-parameter  h^e  have  to  be  known  first. 

From  the  definition  of  h.  =  8v,  /3i,  ,  the  values  of  h,  can 

ie  be  b  v  „  ie 

ce=0 

be  readily  obtained  from  the  base  current  I  vs  base-emitter  voltage 

B 

V  plots  given  in  Figure  III-2  in  Appendix  III. 

BE 

4.2.2  NCAP  BJT  Model  Parameters 

By  using  the  computer  program  SPICE2  with  the  BJT's  parameter 
values  given  in  Table  4-2,  the  dc  operating  points  for  all  the  BJT's 
in  the  yA741  were  calculated.  The  calculated  dc  operating  points 
information  (Vcg,  Ic>  of  all  the  BJT's  are  listed  in  Table  4-3.  The 
SPICE2  pA741  op  amp  computer  program  input  data  coding  list  is  given 
in  Table  4-4  while  the  coding  circuit  diagram  is  illustrated  in  Figure 
4-11.  In  order  to  avoid  redundancy,  only  the  Wooley's  SPICE2  BJT’s 
data  are  presented  in  the  Table  4-4. 

4. 2. 2.1  The  Use  of  Measured  Data 

Also  shown  in  Table  4-3  are  values  for  the  other  NCAP  model  para¬ 
meters  for  the  BJT's  in  the  pA741.  These  parameter  values  except 


those  for  C.  and  Cl  were  determined  by  using  the  procedures  described 
je  t. 

in  Section  4.1.2. 1.  By  utilizing  the  information  given  in  Appendix  III, 


values  for  these  parameters  (except  C  and  Ci)  can  be  readily  determined. 

Je  *• 


Values  for  the  high-frequency  parameters  C.  and  Cl  for  the  BJT’s 

1®  *• 

were  calculated  from  C  vs  I_  data  as  described  in  Sections  3.2.2  and 

u  h 

4. 1.2.1.  The  parameter  is  the  slope  of  a  straight  line  drawn 
through  the  C  vs  I  data  and  the  parameter  C.  is  the  intercept  of 

TT  h  J  C 

that  line  on  the  C  axis.  The  value  for  C.  used  is  that  given  in  Table 
tr  je  6 

4-2  for  CJE.  This  value  is  the  zero-bias  emitter-base  junction  depletion 


layer  capacitance  Cjeo*  A11  approximation  is  involved  here  in  that  the 

Cje  value  used  in  NCAP  is  that  for  a  forward-biased  emitter-base 

junction  at  I  =0.  The  actual  value  of  C.  should  be  larger  than  that 

of  C  .  Next  a  value  for  C  is  calculated  using  Eq.  (4-1).  The 
jeo  it 

values  for  the  cutoff  frequency  fT  at  the  corresponding  emitter  current 

level  I  for  the  various  types  of  BJT's  given  in  Ref.  (30)  were  used. 

E 

These  values  are  listed  below.  The  value  for  is  calculated  using 

“2  ‘  <C.  -  V/(IE  -  0)' 


Device  Type 

f T (MHz ) 

Ig(mA) 

Comment 

Small  NPN 

500 

1 

Ql,  Q2 

Small  NPN 

350 

1 

Q5,  Q6,  Q7 ,  Q10, 
Qll,  Q15,  Q16,  Q17, 
Q19,  Q21,  Q22,  Q23 

Large  NPN 

300 

10 

Q14 

Lateral  PNP 

5 

0.1 

Q3,  Q4,  Q8,  Q9, 

Q12,  Q25 

Large  sub  PNP 

15 

0.1 

Q20 

Dual-collector 
lateral  PNP 

5 

0.1 

Q13,  Q26 

Dual-emitter 
substrate  PNP 


15 


0.1 


Q24 


As  an  illustration,  sample  calculations  in  determining  the  parameters 
for  the  BJT's  Q1  and  Q3  are  tabulated  below: 


Device 

Q1 

Q3 

Type 

Small  NPN 

Lateral  PNP 

fT(MHz) 

500 

5 

IE(mA) 

1 

0.1 

Ref 

1.091 

1.336 

C,  <PF> 

11.22 

91.64 

cje«.F> 

1.23 

0.88 

C'2  (pF/mA) 

9.09 

908 

4. 2. 2. 2  The  Use  of  Wooley's  Data 

The  NCAP  BJT  model  parameters  obtained  based  upon  Wooley's  results 
are  also  presented  in  the  Table  4-3.  Beacuse  Wooley's  data  do  not 
provide  enough  information  for  the  parameters  n>  u »  and  Ref,  typical 


these  parameters  are 

used  as 

tabulated 

below: 

Device/Parameter 

n 

V 

Ref 

Small  NPN 

4 

0.333 

1 

Lateral  PNP 

1.5 

0.333 

1 

Large  substrate  PNP 

1.5 

0.333 

1 

Dual-emitter  sub  PNP 

3.5 

0.333 

1 

Large  NPN 

1.5 

0.333 

1 

Dual-collector 
lateral  PNP 

1.5 

0.333 

1 
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The  characteristics  of  the  dc  short-circuit  current  gain  h 


versus  the  dc  collector  current  1^  are  provided  from  Wooley's  paper 

in  a  normalized  plot  as  shown  in  Figure  4-12.  Using  the  data  in  Figure 

4-12  and  the  procedures  described  in  Section  4. 1.2. 2  (2),  the  parameter 

values  can  be  obtained.  The  results  are  listed  in  Table  4-3.  The 

parameter  values  for  were  determined  using  Eq.  (3-54);  i.e.  = 

t  (q/kT).  Again  the  zero-bias  emitter-basa  junction  capacitance  C. 

*  3 

value  is  assumed  to  be  equal  to  the  parameter  value.  Values  for 
and  C^e  are  tabulated  in  Table  4-3.  Also  the  collector  capacitor 
scale  factor  k  can  be  obtained  using  Eq.  (3-32).  A  value  for  the  built 
in  potential  <J>  =  0.7  V  is  assumed  for  all  the  BJT's  in  the  pA741. 


AC/  1Cmax 


Normalized  Plot  of  h_  vs  Collector  Current.  Curve  a 

rE 

for  Small  NPN,  Large  NPN,  and  Substrate  PNP;  Curve  b 
for  Lateral  PNP 
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*  Data  obtained  from  Wooley's  result. 

#  Data  obtained  from  our  probe  data  except  for  BR,  TF,  TR,  CCS,  and  EG. 

Typical  values  (  )  are  used  for  them. 
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*  Data  obtained  from  Wooley’s  results, 

#  Data  obtained  from  our  probed  data  except  for  Cl  and  C2. 
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TABLE  4-4 

741  OPERATIONAL  AMPLIFIER  SPICE2  CODING  LIST 

*741  OPERATIONAL  AMPLIFIER  UNIT  GAIN  BUFFER 
★CIRCUIT  DIAGRAM  IS  DESCRIBED  AS  FOLLOWS 
★MODIFIED  VERSION  ON  8/6/78 
★RESISTORS 

★BUFFER  FEEDBACK  RESISTOR 

RO  2  6  620 

★SOURCE  RESISTOR 

RG  28  3  600 

R1  1  4  IK 

R2  4  5  IK 

R3  4  12  50K 

R4  4  26  5. OK 

R5  15  27  40K 

R7  19  18  50K 

R9  6  21  27 

RIO  6  22  22 

Rll  4  17  100 

R12  4  16  50K 

R13  23  4  50K 

RLD  60  0  1MEG 

RIN  3  0  1MEG 

★CAPACITOR 

CLD1  6  0  55P 

CLD2  60  0  55P 

CIN  3  0  171PF 

Cl  14  29  30P 

CD1  14  29  IP 

LLD  6  60  275N 

★DIODES 

Q8  9  9  7  Q9 

Qll  15  15  4  Q5 

Q12  27  27  7  Q9 

Q19  20  20  19  Q5 

Q23  23  23  4  Q5 

★JUNCTION  TRANSISTORS 

Q1  9  3  25  Q1 

Q2  9  2  24  Q1 

Q3  11  10  25  Q3 

Q4  14  10  24  Q3 

Q5  11  12  1  Q1 

Q6  14  12  5  Q1 

Q7  7  11  12  Q1 

Q9  10  9  7  Q3 

Q10  10  15  26  Q1 

Q13  20  27  7  Q13 

Q14  7  20  21  Q14 

Q15  20  21  6  Q1 

Q16  7  14  16  Q1 

Q17  29  16  17  Q1 

Q20  4  18  22  Q20 

Q21  20  19  18  Q1 
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TABLE  4-4  (Continued) 


Q22  14  23  4  Q1 
Q24  4  29  18  Q24 
Q25  23  22  6  Q3 
Q26  29  27  7  Q26 
*TRANSISTOR  MODELS 

.MODEL  Q1  NPN(BF=210  BR=2.5  IS=1.26E-15  RB=670  RC=300  RE=0 
+VA=180  TF=1 . 15N  TR=405N  CCS=3.2P  CJE=0.65P  PE=0.7  CJC=0.36P 
+PC=0 . 5  EG=1. 11) 

.MODEL  Q3  PNP (BF=75  BR=3.8  IS=3.15E-15  RB=500  RC=150  RE=0 
+VA=55  TF=27.4N  TR=2540N  CCS=5.1P  CJE=0.1P  PE=0.7  CJC=1.05P 
+PC=0 . 5  EG=1 . 11) 

.MODEL  Q13  PNP (BF=0 . 38  BR=1.4  IS=0.9E-15  RB=1000  RC=80  RE=0 
+VA=84  TF=27.4N  TR=55N  CCS=4.8P  CJE=0.1P  PE=0.7  CJC=0.3P 
+PC=0 . 5  EG=1 . 11) 

.MODEL  Q14  NPN(BF=400  BR=6.1  IS=0.395E-15  RB=180  RC=15  RE=0 
+VA=270  TF=0. 76N  TR=243N  CCS=7.8P  CJE=2.8P  PE=0.7  CJC=1.55P 
+PC=0. 5  EG-1.11) 

.MODEL  Q20  PNP(BF=120  BR=4.8  IS=17.6E-15  RB=80  RC=156  RE=0 
+VA=58  TF=26.5N  TR=2430N  CCS=0  CJE=4.05P  PE=0.7  CJC=2.8P 
+PC=0. 5  EG-1.11) 

.MODEL  Q24  PNP(BF=81  BR=1.5  IS=0.79E-15  RB=1100  RC=170  RE=0 
+VA=80  TF=26.5N  TR=9550N  CCS=0  CJE=1.1P  PE=0.7  CJC=2.4P 
+PC=0.5  EG=1 . 11) 

.MODEL  Q26  PNP(BF=1.76  BR=1.5  IS=2.25E-15  RB=1600  RC=120 
+RE=0  VA=84  TF=27 . 4N  TR=220N  CCS=4.8P  CJE=0.1P  PE=0.7 
+CJC=0.9P  PC=0. 5  EG=1. 11) 

*DC  POWER  SUPPLY 
VP  7  0  DC  15 
VN  4  0  DC  -15 
* SIGNAL  SOURCE 
VG  28  0  AC  1.0 
*0UTPUT 

.PRINT  AC  VDB(60) 

. CALPLT  AC  1 
.PRINT  AC  VDB(3) 

.CALPLT  AC  1 
•PRINT  AC  VP (60) 

.CALPLT  AC  1 
•PRINT  AC  VP (3) 

.CALPLT  AC  1 
*FREQUENCY  RANGE 
.AC  DEC  10  1  10MEG 
.END 
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CHAPTER  FIVE 


NONLINEAR  SYSTEM  ANALYSIS 

The  RFI  effects  in  an  electronic  commurication  system  such  as 
crossmodulation  and  intermodulation  products  can  be  generated  by 
interactions  between  unwanted  signals  and  desired  signals.  The 

interactions  generating  the  RFI  effects  are  the  result  of  system 
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nonlinearities.  In  this  chapter,  the  use  of  Volterra  series  ex¬ 
pressions  to  characterize  the  nonlinearities  of  a  communication 
system  is  discussed.  Also  discussed  is  the  Nonlinear  Circuit  Analysis 
Program  NCAP  which  can  be  used  by  electromagnetic  compatibility  (EMC) 
engineers  to  calculate  RFI  effects  in  electronic  circuits.  The 
actual  use  of  NCAP  for  the  computation  of  a  nonlinear  transfer  function 
is  demonstrated  in  the  next  chapter. 

To  illustrate  the  fundamental  computational  procedures,  we  shall 
begin  with  a  simple  case  of  a  nonlinear  system  without  memory. 

Referring  to  Figure  5-1,  a  memory-free  nonlinearity  can  be  effectively 
represented  by  a  power  series  expansion: 

y(t)  =  Z  an  xn(t)  (5-1) 

n=l 

where  y(t)  is  the  output  response,  x(t)  is  the  input  excitation,  and 
the  coefficients  a^  determine  the  nonlinear  behavior  of  the  system. 

For  a  linear  system,  the  coefficients  a^  for  n>2  are  all  equal  to  zero. 


FIGURE  5-1  A  Nonlinear  System  without  Memory 

Suppose  that  the  input  x(t)  is  composed  of  a  desired  signal 
S^(t)  and  an  unwanted  modulated  signal  I2(t) 

S^(t)  =  S^  cosw^t  (5-2) 

l2(t)  =  I2(l  +  m(t))cosu2t,  m<l  (5-3) 

where  and  m2  are  angular  frequencies.  Then  the  output  signal 
y(t)  at  frequency  will  include  the  following  terms: 

cl 

y(t)  -  3^(1+  4—  Sx2  +  |  ^  I22  +  —3-  m  I22)cos  c^t  (5-4) 

2  2 

where  the  terms  with  factors  (3aj/4a^)S^  ,  (,3a^/2a^)l^  ,  and  (3a^m/a^) 

2 

I2  in  the  above  expression  are  called  the  compression,  the  desensitiza¬ 
tion,  and  the  crossmodulation  respectively. 

Should  the  input  x(t)  be  composed  of  three  unmodulated  tones 

x(t)  =  S^cosw^t  +  I2cosu>2t  +  I^cosm^t  (5-5) 


then  the  output  response  y(t)  is  given  as: 


y(t)  =  .lSl[l+^  S,2  +  f  ^  (I22  +  I32)]cosV 

+  a2I213[cos^w24t03^t  +  cos  (u2-w3)t] 

+  a3[I22I3cos(2u)2+w3)t  +  I2I32cos(2w3+(D2)t] 

+  .  .  .  (other  terms)  (5-6) 

In  the  right-hand  side  of  the  above  equation  the  terms  at  frequencies 
u>2  +  a>3  are  second-order  intermodulation  products  (IMP's),  .while 
the  third  terms  at  frequencies  2m2  +  w3  and  2u^  +  w2  are  third- 
order  IMP's.  If  any  of  these  frequency  combinations  fall  in  the  system 
passband  near  u>^,  the  IMP's  can  cause  a  serious  RFI  problem. 

5.1  Volterra  Series  Description  of  a  Nonlinear  System 

In  a  nonlinear  system,  distortion*  can  be  generated  by  the  non¬ 
linear  interaction  of  multiple-input  signals.  This  distortion  can  be 
accurately  analyzed  using  NACP  which  uses  a  frequency  domain  approach 
where  the  Volterra  functional  series  expressions  are  employed. 

The  Volterra  functional  series  was  first  applied  to  nonlinear 
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circuit  problems  by  Wiener  in  1942.  Narayanan  used  the  same 
technique  to  analyze  distortion  in  a  transistor  amplifier  in  1967  and  in 
cascade  and  feedback  amplifiers  at  a  later  time^’^.  In  1972,  Poon 
used  Volterra  analysis  to  study  the  third-order  distortions  in  BJT 

*  The  term  distortion  is  used  to  describe  a  wide  variety  of  nonlinear 


effects  including  RFI  effects. 
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stages  using  an  integral  charge  control  transistor  modelJ  .  In  the 

same  year  Kuo  developed  a  computer  program  to  calculate  the  distortion 
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in  amplifier  circuits  .  The  Volterra  analysis  was  also  used  by  Meyer 

38 

in  an  investigation  of  crossmodulation  effects  in  amplifiers 


A  Volterra  functional  G(x(t))  can  be  expanded  into  a  series  of 

31 

homogeneous  functionals  F  of  various  degrees  n 

n 


G(x(t))  =  £  F  (x(t) ) 

n=0  n 


’  b 

b 

II 

o* 

K^(u)x(u)du  + 

a 

j 

a  . 

+  •  •  • 


K2  (ui . u2 )x (Uf ) x (u2)duldu2 

(5-7) 


where 


f  b 


Fn(x(t))  = 


f  b 


Kn^Ul,U2 . un)x(u1)x(u2). . .x  (uR)du1. .dun 


(5-8) 

Applying  the  Volterra  series  expansion  to  a  nonlinear  system  in  the 
time  domain  with  the  input  expressed  as  x(t)  and  the  output  as  y(t). 


we  have 
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y(t)  =  £  y  <t) 


n*l 


'l(t)  *  f  hl 


(t )x(t“T )dx 


y2(t)  ■  j00  j  h2(T1,T2)x(t-T1)x(t-T2)dT1dT2  (5“9) 


—00  —00 


yn(t>  *]]'••]  hn(,l . V  i2l  x<t_Ti)dti 


—00—00  00 
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The  function  hn(x^,x2> . . .xn)  be  interPreted  as  the  nth  order 
nonlinear  impulse  response  of  the  system.  The  nth  order  Fourier 
transformation  of  the  nth  order  nonlinear  impulse  response  of  the 
system  hn(x^, . . . , x  )  transforms  a  time  domain  signal  into  the 
frequency  domain.  We  use  the  following  relationships  to  make  such 


transformations : 


r  r  -j2it(f  t.+.  .+f  t  ) 

Hn(fl’f2’*-'fn)=  J  *•*]  hn(Tl . Tn)e 


(5-10) 


dx.dx,,. .  .dr 
12  n 


■°°  r°°  j2ir(f-T1+. .  ,+f  t  ) 

h  <x-,...,x  )  =  ...  H  (f  ,f  ,...,f  )e  n  n  (5-11) 

n  X  n  j  n  1  z  n 

-“  -°°  df,df»...df 

12  n 

Substituting  Eq.  (5-11)  for  h^  into  Eq.  (5-9)  for  the  output  response 
y(t),  we  obtain 

y (t)  =  l  yn(t) 

n 


*°°  ,00  ,00  -00  jZ7T(f  T 

yn(t)  -  j  ...  j  I  j...  ]  «1-~4fnHn(f1 . Ve  1 


J2’<fiVf2V-.+fnTn>. 


— OO  —  OO  —00  — oo 


■  IT  X  (t-T.)  dx 

i=l  1  i 


(5-12) 


rfOO  ,00  ,O0 

....  J  df1df2...dfnHn(f1...fn)  (j  ...j  dTi±!1  x(t“Ti) 


—00  —00 


exp[j2ir(f  x  +.  ..+f  x  )]} 
xi  n  n 


The  multiple  integral  in  the  bracket  in  Eq.  (5-12)  can  be  further  ex¬ 
pressed  as 

r  r  j2x(f1T1+. . ,+f  t  > 

I  . ..  I  dij^.  .dxnx(t-x^)x(t-x2) .  .x(t-tn)e 


j2fff  X,  r®  j2irf,X2  f® 

J  dx1x(t-x1)e  J  dx2x(t-x2)e  ....J  dxnx(t-xR)« 


j2irf  x 
n  n 


(5-13) 


Now  let  us  consider  the  important  special  case  where  the  Input 


signal  x(t)  is  a  M/2-tone  input  where  M  is  an  even  integer.  The 


Fourier  transformation  of  x(t)  will  be 


X  <f>  -  I  Jl  A»  a<f-V=  V-  -£1-  V  -  \*  (5-18) 

2^1  2  ^ 

where  the  coefficient  is  the  complex  amplitude  of  the  m-th  tone  at  f 
Then  the  first-order  output  response  becomes 


y^t)  =Jdf  Hx(f)  \  Am6(f-fm)exp(j21rft) 


“  1  Jl  Am  H1(fm)exp(j21rfmt) 


(5-19) 


and  the  second-order  output  response  is  given  as 


rOO  #CO 

,(t)  -  df.df?H9(f  ,f  ? A  6(f ,-f  EM  .A  6(f0-f  ) 

J  J  122  12  2  m^=l  m^  1  2  m2  2  m2 


•  exp[j2ir(fl+f2)t:] 


=  7  Xi  Xi  H,(fm  ,f„  )exP[j27'(fm1+fm2)t](5-20) 


4  m^=l  m2=l  m^  m2  2V  m^’  m2 


For  a  single-tone  input  M  equals  2,  and  X(f)  becomes 


X  (f)  =  \  A16(f-f1)  +  \  A26(f-f2) 


(5-21) 


yn(ti . tn)  equals  j-**  j  hn  <Ti’  V  5  x  ‘W  dti 


Note  that  yR(t)  =  y^tj, •  •  •  »*„)  where  t1  =  t2  =  ...  *  t  =  t. 


where  f2  -  -f^.  The  first-order  response  y^(t)  and  the  second-order 


response  y_(t)  are  given  by 


yx(t)  =  |  AjH^f^expaairf^)  +  f  A2H1(f2)exp(j21rf2t) 

y2(t)  =  \  A12H2(£1,f1)exp[j2ir(2f1)t]  +  \  A1A2H2(f1,f2)exp[j2n(f1+f2)t] 

+  i  a22  H2(f2,f2)exp[j2ir(2f2)t]  (5-22) 

For  a  double-tone  Input  M  equals  4,  and  X(f)  becomes 

X(f )  =  A16(f-f1)  +  \  A26(f-f2)  +  |  A36(f-f3)  +  |  A46(f-f4)  (5-23) 

where  f3  =  -fr  f4  =  -f2»  A3  =  A^,  and  A 4  -  k*.  The  first-order 
response  y  (t)  and  the  second-order  response  y2(t)  are  given  by 

y  (t)  -  \  AiH1(fi)exp(j2Tlfit)  +  j  A2H1(f2)exp(j2irf2t) 

+  \  A3H1(f3)exp(j27rf3t)  +  ~  A4H1(f4)exp(j21rf4t) 

y2(t)  "  \  A12H2(f1’fl)eXpl32n(2f1)t]  +  I  AlA2H2(fl‘f2)exp[j2ll(fl+f2)tI 

+  |  A1A3H2(f1,f3)exp[j2Tr(f1+f3)t]  +  \  A1V2(fl,f4)e*p[j2ir(fl+f4)tl 

+  |  A22H2(f2,f2)exp[j21r(2f2)t]  +  \  A^R^.f^exp^^+f^t] 

+  \  A2A4H2(f2,f4)exp[j21r(f2+f4)t]  +  \  A32H2(f3,f3)exp[j2n(2f3)t] 

+  |  A3A4H2(f3,f4)exp[j2Tr(f3+f4)t]  +  ~  A42H2(f4>f4)exp[j2ir(2f4)t] 

(5-24) 

In  general,  the  nth  degree  output  response  for  a  M/2-tone  input 
(where  M/2  must  be  an  integer)  can  be  given  as 

yn(t)  *  |°°  •••  |  df^df2...dfn  Hn(f^, . . . ,fn)X(fj) . . .X(fn) 

— OO  *-00 

•  explj2tt(f J+. . .+fn)t] 


- 1  — r  . v<f'V!'" 


— OO  —  OO 


[f  ^=1  A  6(f-f  )]  exp  [ j2ir (f  +...+f  )t] 


q  *1  q 

n  «  ** 

mi.  m2  .  “m  "i  y. 

n!A.  A„  •••Am  ' -  ' -  - % 

=  (2>n  Z  . .  .n^!  Hn  (fl*  *  *  *  *fl,f2 . f2’  •  •  •  >fM>  *  *  *  ’V 


exp(j2itf  ^t) 


(5-25) 


where  m^  denotes  the  number  of  times  the  frequency  appears  in  a 
particular  frequency  mix  f^..  Equation  (5-25)  is  valid  for  n  >  M,  and 
M  is  the  number  of  discrete  frequencies  (M/2  is  the  number  of  positive 
frequency  terms)  in  the  input  frequency  spectrum  with 


fz 


n  =  mj+m2+' .  .-ho^ 


(5-26) 

(5-27) 


Note  that  in  the  above  expressions  the  summations  are  made  on  all 
possible  combinations  of  m^f  , . •  • ,  and  m^,  where  m^  denotes  the 
number  of  times  the  frequency  f ^  is  repeated  in  an  nth  order  transfer 
function. 


Equation  (5-25)  determines  the  terms  of  nth  order  transfer 
functions  for  an  input  signal  with  M  frequency  components.  For 
additional  information  on  this  subject  the  reader  is  referred  to 
Refs.  39  and  40. 
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5.2  The  NCAP  Determination  of  the  Nonlinear  Transfer  Functions 

Let  the  nonlinear  system  have  a  single  input  VG(t)  which  can  be 
expressed  as  a  sum  of  exponential  functions 

vG(t)  =  exp (j 2nf^t)  (5-28) 

where  f .  =  f , ,  fOJ . ,f„.  Note  that  M  may  be  an  odd  or  even  integer. 

i  1  l  M 

An  output  response  V  (t)  can  be  expressed  as  a  sum  of  nonlinear 
responses  which  up  to  the  3rd  order  are 

VL(t)  =  Jl  H1(fi>exP<J2,Tfit)  +  jli  jli  H2(f±»f  j  )exp(j2ir(f±+f  )t) 

+  il1  ^  k5j_  H3(fi,fj  ,fk)exp(j2ii(fi+f  j+f^t)*. . . .  (5-29) 

If  the  output  voltage  V^(t)  can  be  determined  and  put  into  the  form 
of  Eq.  (5-29),  the  linear  and  the  nonlinear  transfer  functions  at  the 
output  node  and  at  the  specified  frequencies  can  be  identified  by  match¬ 
ing  the  coefficients  of  the  exponential  terms.  Note  that  the  coefficient 
of  exp(j2irfJ.)  at  the  frequency  f^.  contains  a  number  of  terms.  It  is  quite 
tedious  to  find  a  nonlinear  transfer  function  in  this  manner.  However, 
from  Eqs.  (5-25),  (5-26)  and  (5-27),  for  an  M/2  tone  input  which  produces 
M  complex  exponentials  the  amplitude  of  an  nth  degree  output  response 

y  (t)  at  frequency  f_  determines  the  nonlinear  transfer  function  H  (f) 
n  l  n  - 

ml  m2  “M 

where  f  is  the  particular  frequency  mix  (f^...,^,  f2, . . .  ,f'2, . . .  ,fM, . . .  ,f  ) 
Based  upon  this  fact,  the  computer  program  NCAP  calculates  the  nonlinear 
transfer  function  Hn(f)  for  a  given  system  by  computing  the  amplitude 
of  the  nth  degree  output  response  yn(t)  at  the  frequency  f^,.  The 
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computer  program  NCAP  analyses  the  equations  of  the  system  by  using 
a  frequency  domain  small  signal  ac  circuit  analysis  approach. 

The  procedures  used  by  NCAP  to  find  the  transfer  functions  are 
outlined  below: 

(1)  The  nodal  equations  are  constructed  according  to  the  network 
topology  using  the  Kirchhof f  Current  Law  (KCL) . 

The  KCL  states  that  the  nodal  admittance  matrix  Y,  the  nodal 
voltage  vector  V,  and  the  equivalent  nodal  current  source  vector  J 
are  related  to  one  another  in  frequency  domain  by 

Y(s)V(s)  =  J(s)  (5-30) 

or 

Y(s)(VJl(s)  +  Vd(s»  =  J^s)  +  Jd(s)  (5-3D 

where  J^(s)  denotes  the  linear  equivalent  nodal  current  source  vector 

and  J  (s)  the  nonlinear  equivalent  nodal  current  source  vector,  while 
d 

V^(s)  is  the  linear  node-to-datum  voltage  vector,  Vd(s)  the 

nonlinear  node-to-datum  voltage  vector.  The  parameter  s  denotes  jw. 

Equations  (5-30)  and  (5-31)  are  evaluated  at  appropriate  discrete  values 

of  s  =  ju>  *  j 2tt f  corresponding  to  the  M  values  of  the  frequencies  f,. 

in  the  input  signal  spectrum.  For  a  single  (M  =  1)  input  excitation 

V  (t)  *  exp(j2nf  t),  and  the  current  column  vector  J£  can  be  expressed 
G  i 

in  time  domain  as 

J  (t)  =  (1/Z  )(exp(j2irf  t),  0,...,0)T  (5-32) 

where  Z  is  the  source  impedance  operator.  The  vector  can  also 
be  expressed  in  frequency  domain  as 


(5-33) 


J^s)  =  (1/Z  )(1,  0,...,  0)J 


where  T  denotes  the  transpose  of  the  row  matrix  and  the  source 
impedance  of  the  voltage  excitation  V  . 

(2)  The  network  first-order  (linear)  responses  with  the  current 
source  J(f^)  =  J^(f^ )  at  all  the  frequencies  f^  in  the  input  signal 
spectrum  are  determined. 


Hl(fi}  =  [Y(fi)]  Vfi);  1=1  ’  2»***’M 


(5-34) 


(3)  The  second-order  nonlinear  current  source  vector  J,(f.,f.)  is 

d  i  j 

determined  at  the  frequency  f ^  +  f^  using  the  values  for  the  first- 

order  node  voltages  at  the  two  frequencies  f^  and  f^  for  all  i  and  j. 

The  network  second-order  transfer  function  H_(f.,f.)  is  calculated  using 

—  ^  J 

the  expression 

H2(fi,fj)  -  |[Y(f1  +  fj)]”1  Jd(f±.f j ) J  for  all  i,j  (5-35) 
The  value  for  the  second-order  transfer  function  H^f^f^)  depends 
upon  the  value  of  the  network  admittance  matrix  evaluated  at  the 
frequency  f^  +  f^  and  upon  the  second-order  current  vector  J^f^,  fj ) • 

(4)  The  third-order  nonlinear  current  source  vector  j  ,fk^ 

is  determined  at  the  frequency  f^  +  +  f^.  To  determine  values 

for  J,(f.,  f.,  f.),  the  values  for  the  first-order  transfer  func- 
d  i  j  k 

tions  H1(fi),  H^fj),  and  ^(f^)  and  for  the  second-order  transier 
functions  H2(fj,fk),  ^(f^f^,  and  H2(fi>fj)  are  used.  Then 
the  network  third-order  transfer  function  H^f^.f ^ ,fk)  is  calculated 
using  the  expression 


H3(f±,f;J ,fk)  -  j  [Y(f1+fj+fk)]_1  Jd(f±»fj »fk);  for  a11 


(5 


-36) 
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The  value  for  the  third-order  transfer  function  H^(f^,fj  »fjc)  depends 
upon  the  value  of  the  network  admittance  matrix  evaluated  at  the 
frequency  f^  +  f^  +  f^  and  upon  the  third-order  current  source  vector 

The  fourth  and  higher-order  transfer  functions  can  be  found  by 
using  a  similar  process.  In  practice  the  need  to  evaluate  the  non¬ 
linear  transfer  function  of  fourth  and  high  orders  does  not  occur 
often.  The  computer  program  NCAP  can  calculate  nonlinear  transfer 
functions  to  the  6th  order. 

The  procedures  that  NCAP  uses  to  calculate  nonlinear  transfer 
functions  of  the  nth  order  can  be  made  much  clearer  by  studying 
specific  examples.  In  fact  it  may  be  that  the  NCAP  computational 
procedures  can  be  best  understood  by  studying  specific  examples.  For 
this  reason  two  such  examples  will  be  given  in  the  next  chapter. 


CHAPTER  SIX 


COMPUTATION  OF  NONLINEAR  TRANSFER  FUNCTIONS 

In  this  chapter  two  examples  are  given  to  illustrate  how  the  NCAP 

algorithm  is  implemented  to  calculated  linear  and  nonlinear  transfer 

functions.  These  examples  will  also  demonstrate  some  computational 

techniques  used  for  nonlinear  circuit  analysis.  One  example  involves 

a  simple  junction-gate  field  effect  transistor  (JFET)  in  a  broadband 
* 

amplifier  circuit  .  The  other  example  involves  a  bipolar  junction 
transistor  (BJT)  in  a  tuned  RF  amplifier  stage.  First,  second,  and 
third  order  transfer  functions  will  be  calculated  by  using  a  direct 
process  and  by  using  the  computer  program  NCAP.  The  two  sets  of  values 
calculated  will  be  compared. 

6.1  A  Broadband  JFET  Amplifier  Stage 

The  circuit  diagram  for  a  broadband  JFET  amplifier  stage  is  shown 
in  Figure  6-1.  Since  the  third-order  transfer  function  is  to  be 
calculated,  the  input  signal  source  vg(t)  consists  of  three  complex 
exponentials  of  unit  amplitude  and  is  given  by 

v  (t)  =  i  exp Cj2nf . t) 

S  i=l  1 

First  the  matrix  equations  for  the  network  will  be  developed.  Then 
the  nonlinear  coefficients  of  the  JFET  will  be  given.  Finally  the 
calculated  values  for  the  nonlinear  transfer  functions  (up  to  third- 
order)  will  be  presented. 

*  This  example  is  chosen  to  illustrate  the  direct  process  used  to 

calculate  nonlinear  transfer  functions.  Although  the  dissertation 
is  devoted  to  bipolar  integrated  circuits,  the  JFET  is  chosen 
because  the  JFET  nonlinear  analysis  is  relatively  simple. 
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FIGURE  6-1 


The  Circuit  Diagrams  of  a  Broadband  JFET  Amplifier 
(a)  and  Its  AC  Equivalent  Circuit  (b).  Notations  A,  B, 
D,  and  E  Represent  the  N'*' linear  Transfer  Functions  at 
Nodes  1,  2,  3,  and  A,  respectively.  Notations  G,  D,  S', 
and  S  Represent  Gate,  Drain,  Internal  Source,  and  Source 
Terminals,  Respectively. 


The  incremental  gate  current  ic  is  the  current  generator  that 

corresponds  to  a  nonlinear  capacitor  which  was  discussed  in  Section 

2.3.2.  The  incremental  drain  current  i,  is  a  voltage  controlled 

a 

nonlinear  dependent  current  source  which  was  discussed  in  Section  2.3.4. 
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The  incremental  gate  current  i  and  drain  current  i,  are  given  by 

C  u 

ic  =  C1  ft  v13  +  C2  ft  V132  +  C3  V133  +  hi8her-°rder  terms  (6-1) 
2  3 

id  =  alV13  +  a2V13  +  a3V13  +  hi8her-order  terms  (6-2) 

where  v^  =  vi  ~  v3* 

Using  the  Kirchhoff  current  law  and  neglecting  fourth  and  higher- 
order  terms,  we  obtain 


-ir1  *  ci  if  (vrv3}~c2  if  (vrv3)2"c3  dF  (vrv3)3  =  0 

ci  fr  (vrv3)+c2  “ft  (vrv3)2+c3  fi 
+  a2  (v1-v3)2+a3  (vrv3)3+  (v^-v^/RS  =  0 


RS  +  V4  RS  ”  R4)  0 


v 

-«1  (v1-v3)-a2(v1-v3)2-a3(v1-v3)3-  £§  =  0 


Next  Eqs.  (6-3)  to  (6-6)  can  be  recast  in  a  matrix  form  as 


* 

'  ^ 

_  1 _ C  — 

R1  1  dt 

0 

0 

V1 

C1  dt  +  “l 

0 

al“  RS 

1 

RS 

V2 

0 

0 

1 

RS 

1 

"  RS 

1 

“  R4 

V3 

'“I 

1 

■  R3 

al 

0 

V4 

t 

. 

(6-3) 


(6-4) 


(6-5) 

(6-6) 
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,,  d  .  .2  d.  .3 

C2  ii  <vrv3)  +  c3  s  (vrv3) 


-(a2  +  C2  l?)(vrv3)2'(“3  +  C3  dF)<vrv3)3 


(6-7) 


a2(vrv3)2  +  a3(vrv3)3 


To  obtain  the  first-order  transfer  functions,  we  omit  the  quadratic 

and  cubic  terms  in  Eq.  (6-7)  and  assume  an  excitation  v  of  the 

s 

form  vg  =  Vgexp(j2Trfit)  with  Vg  =  1. 

Then  the  first-order  transfer  function  can  be  calculated  using 


•  H  ~  cij“i  0  c!>i 


0  Al(fi>  - 


0  'ciJVVrs 


0  RS 


RS  Bl(fi^j 


RS  ~  R4  Dl^fi^| 


(6-8) 


0  E1(fi) 


where  the  A^,  B^,  D^,  and  denote  the  first-order  node  voltages 
(transfer  functions)  at  nodes  1,  2,  3,  and  4  respectively.  The 
subscript  1  denotes  first-order  transfer  functions. 

In  order  to  obtain  the  matrix  equation  for  the  second-order 
transfer  functions  we  begin  by  expressing  v^,  v^,  v^,  and  v^  in 
form  of  a  summation  of  exponential  functions.  These  equations  are 
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V1  =  Jl  tA1(fi)e*p(J2irfit)+A2(fi,fi)exp(j4irfit) 

3 

+A3(fi,fi’fi)exp(J6l,fit)  +  j=l  tA2(fi»fj)exp(j2ir(fi+fj)t) 

j/i 


+3A3(fi,fi,fj)exp(j2iT(2fi+f.j)t)]] 

+6A3(f1,f2,f3)exp(j2TT(f1+f2+f3)t)  +  high-order  terms 


4f 

(A) 

(6-9) 

A 

V2  = 

F  (B) 

(6-10) 

A 

V3  = 

F  (D) 

(6-11) 

ll> 

F  (E) 

(6-12) 

where  in  Eqs.  (6-9),  (6-10),  (6-11),  and  (6-12)  the  A2(f^,fj), 
B2(fi,fj),  D2(f±,fj),  and  E^f^f^)  denote  the  second-order  voltage 
transfer  functions  at  nodes  1,  2,  3,  and  4  at  frequency  f^  +  f^ 

respectively.  The  A^f^f^ ,  ffc),  B3(fi»fj  ,ffc)  *  D3^fi’f  j  ,fk^  ’  and 
E.(f . ,f ,f.)  denote  the  third-order  voltage  transfer  functions  at 

j  l  3  K 

nodes  1,  2,  3,  and  4  at  frequency  ^  +  f  +  ffc  respectively.  The 
function  F  (A)  for  the  voltage  v^  is  defined  by  Eq.  (6-9).  The 
functions  F  (B),  F  (D),  and  F  (E)  for  the  voltages  v2>  v3,  and  v^ 
are  defined  in  a  similar  manner. 


Equations  (6-9)  to  (6-12)  are  substituted  in  Eq.  (6-7).  Then 
coefficients  of  identical  terms  on  both  sides  of  the  resulting 
equation  are  equated.  As  an  example  the  coefficients  of 
exp(j2ir(fi+f  j  )t)  for  i  +  j  will  be  given. 
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The  coefficient  of  this  term  in  the  expression  C2  dt(vrv 


+  c3  it  (vrv3)3  is 


C2j 4tt  (f  ±+f  )  IAX  (f i)-D1  (f t)  ]  [Al  (f i  )-D1  (f  j  )  I 

d  2 

The  coefficient  of  this  term  in  the  expression  -(a2+C2  — Mv^-v^) 
-<*3*3  IF)(V1'V 3)3  ls 


-2  [a2+C2j  2ti  (f  i+f  j  )  ]  [Ax  (f  i)-D1  (f  ±)  ]  (fj  )-D1(fJ)] 

2  3 

The  coefficient  of  this  term  in  the  expression  a2^vl-vV  +a2^Vl~V3^  is 


2a2 [A1 (f 1)-D1 (f .) ] [Ax (f . )-Dl (f . ) ] 

Using  these  results  the  matrix  Eq.  (6-7)  at  the  second-order  frequency 
f .  +  f .  can  be  written  as 


32 


-l/Rl-C1j2ir(fi+fj) 


C1j27r(fi+fj)+a1 


0  C1j2ir(fi+fj) 


0  "V  RS  "Clj2l’(fi+fj) 


wv 


D2(f1,f.) 


-1/R3 


C2j27r(f1+f  )  [A1(fi)-D1(f  ±)  ]  [Ax(f  )-Dx(f  )  ] 

- [a2+j 2hC2 (f ±+t  ) ] [A1(fi )-D1 (f ] [Ax (f  )-D1 (f j ) ] 


a2[A1(fjL)-D1(f1) ] [Ax(f  )-Dj_(f  ) ] 


(6-13) 


Note  that  the  time  domain  operator  d/dt  becomes  the  term  j 2tt (f ^  +  fj) 
in  the  frequency  domain.  Therefore,  the  second-order  nonlinear  transfer 
functions  A^f^f^),  B^f^f^),  D^f^f^),  and  can  be  obtained 

by  solving  the  matrix  Eq.  (6-13).  Note  that  i  and  j  take  on  the  values 
1,  2,  3  and  that  there  are  three  distinct  frequencies  f^  +  f^t  f2  +  £3* 


and  £3  +  for  which  f ^  i*  f^. 


The  third-order  matrix  equation  at  the  frequency  +  f^ 

is  obtained  by  equating  the  coefficients  of  the  exponential 
exp  ( j  2ir  (  f  j+f  2+f  ^  )  t ) . 

d  2d  3 

The  coefficient  in  the  expression  for  C„  -r— (v, -v_;  +C,  tt(v,-v0)j  is 

2  at  1  3  3  at  1  3 

C2j87i(f1+f2+f3){[A1(f1)-D1(f1)][A2(f2,f3)-D2(f2,f3)]+[A1(f2)-D1(f2)][A2(f1,f3) 

-D2(f1,f3)]+[A1(f3)-D1(f3)][A2(f2,f1)-D2(f2,f1)]}-H:3jl2ir(f1+f2+f3) 

•[A1(f1)-D1(f1)][A1(f2)-D1(f2)][A1(f3)-D1(f3)] 

d  2d  3 

and  that  in  the  expression  for  -(a„+C_-rr) (v1-v_)^-(a.+C ) (v  -v_) J  is 

l  Zdt  13  3  3at  1  3 

-4la2+d2nC2(f1+f2+f3)]{[A1(f1)-D1(f1)][A2(f2,f3)-D2(f2,f3)]+[A1(f2)-D1(f2)J 

•[A2(f1,f3)-D2(f1,f3)]+[A1(f3)-D1(f3)][A2(f2,f1)-D2(f2,f1)lJ 


-6[a3+jC321r(f1+f2+f3)][A1(f1)-D1(f1)J[A1(f2)-D1(f2)][A1(f3)-D1(f3)J 

2  3 

and  that  in  the  expression  for  a2^v^-v3^  +a3^vi-v3^  is 

4a2{[A1(f1)-D1(f1)][A2(f2>f3)-D2(f2,f3)]+[A1(f2)-D1(f2)][A2(f1,f3)-D2(f1,f3)] 

+[A1(f3)-Dl(f3)J[A2(f2>f1)-D2(f2,f1)]}+6a3[A1(f1)-D1(f1)][A1(f2)-D1(f2)] 

.[A1(f3)-D1(f3)J 

Using  these  results  the  matrix  Eq.  (6-7)  at  the  third-order  frequency 
^1  +  ^2  +  ^3  can  wr*-tten  as 
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'  rT  _C1J  0 

C^j  (a)1+to2+ai3)+a1  0 


^3^1’^2’^3^ 


®3^1»  ^2*^3^ 


Cxj  (a>1+u>2-Hl)3) 


■(al+Is)'jCl(“l+“2+a)3)  1/RS 


1_  1_ 
RS  ”  R4 


D3^1’^2’^3^ 


E3(fltf2,f3) 


C2j81r(f1+f2+f3){[A1(f1)-D1(f1)]tA2(f2,f3)-D2(f2,f3)]+[A1(f2)-D1(f2)][A2(f1,f3) 

_D2<fl’ f 3}  W  Vf 3>-D! <f3)  1  fA2  (f2»f  i>"D2  (f2' El)  ]  ^S512* <f!+f2+f 3> 

.tA1(f1)-D1(f1)][A1(f2)-D1(f2)][A1(f3)-D1(f3)] 


-4[a2+j21vC2(f1+f2+f3)]{[A1(f1)-D1(f1)]tA2(f2,f3)-D2(f2,f3)]+[A1(f2)-D1(f2)] 
.[A2(f1,f3)-D2(f1,f3)]+[A1<f3)-D1(f3)][A2(f2,f1)-D2(f2,f1)]} 
-6[a3+jC327r(f1+f2+f  3)  ]  [A^f^-D^)  ]  £A1«f2>-D1  (f2)  ]  [Aj_  (f^-D^)  ] 


4a2{[A1(f1)-D1(f1)][A2(f2,f3)-D2<rf2,f3)]+[A1(f2)-D1(f2)][A2(f1,f3)-D2(f1,f3)] 
^Ax  (f3)-D1(f3)]{A2(f2,f1)-D2(f2,f1)]}-rta3[A1(f1)-D1(f1)][A1(f2)-D1(f2)] 


[Ai(f3)-Di(f3)] 


(6-14) 


The  matrix  Eq.  (6-8)  can  be  solved  for  the  first-order  transfer 


functions  A^(fi),  B^f^),  D^(f^),  and  E^(f^)*  T^ie  matrix  Eq*  (6-13) 
can  be  solved  for  the  second-order  transfer  functions  ^2^i’^j^’ 

»2 (^i»^j ) »  and  E2^fi»fj)*  The  n^trix  Eq.  (6-14)  can  be 

solved  for  the  third-order  transfer  functions  A^(f ^»f ^ .f^) »  B^(f ^,f ^ ,f ^) 
D3^i’^j’^k^’  and  E3^i’^j*^k^’  T*lds  ds  best  done  numerically  using 
a  digital  computer.  In  order  to  solve  these  equations  numerically, 
values  for  the  nonlinear  coefficients  C^,  C^t  C^»  a^,  c^,  and  must 
be  known. 

Values  for  the  JFET  nonlinear  coefficients  a^,  c^,  and  can  be 

determined  by  using  the  equation  that  relates  the  JFET  drain  current  I 

to  the  internal  gate-source  voltage  V*.  Values  for  the  JFET  nonlinear 

Ob 

coefficients  C^,  C^,  and  can  be  determined  by  using  the  equation 

that  relates  the  JFET  gate-source  capacitance  C  to  the  internal  gate- 

source  voltage  V*  .  The  JFET  saturated  drain  current  formula  used  in 
bo 

NCAP  is  given  by^ 


o  1  2  1  ^GS  ^ 

XD  =  3IDMAX  p{_  2  +  2^P  +  4(I  "  V~nr 


,  V’  +  *  3/2  1/2 

+  L  t — 2 - )  \  i  } 

3  'v  +  r  ;J 

p 


(6 


The  parameters  used  in  Eq.  (6-15)  are  described  in  Table  6-1. 
Typical  values  are  also  given. 


-15) 
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TABLE  6-1 


JFET  NCAP  MODEL'  PARAMETERS 


Parameter 

Value 

Description 

*DMAX 

0.013  A 

Drain  Current  Parameter 

* 

-0.5  V 

JFET  Barrier  Potential 

V 

-1.70  V 

Pinch-off  Voltage 

P 

VGS 

-1.50  V 

External  Gate-Source 
Voltage 

RS 

37  Q 

Source  Resistance 

P 

1.722 

Drain  Current  Parameter 

K 

2.20  pF-V1* 

Gate-Source  Capacitance 
Parameter 

V 

o 

-0.5  V 

Gate-Source  Capacitor 
Built-in  Voltage 

m 

0.5 

Asymtotic  Slope  of  C (Vgg) 

The  first  step  is 

to  determine  the  JFET 

operating  point.  By  an 

Iterative  method,  the  drain  current  for  the  circuit  shown  in  Figure 
6-1  was  calculated  to  be  7.938  x  10  ^A,  and  the  voltage  V^,  (=VqS-ij)Rs) 
was  calculated  to  be  -1.503  V.  Knowing  1D  and  V^g,  the  nonlinear 
coefficeints  c^,  a2>  and  «3  can  be  calculated  from  the  following  equations: 


a2 

a3 


3  It 


3V' 

GS 


1 


2  wis2 


1 3\ 


6  9Vis3 


(6-16) 


(6-17) 


(6-18) 


The  following  values  were  obtained 
*  8.115  x  10  ^  mho 
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a2  =  2.103  x  10"3  mho/V 
=  -1.460  x  10  ^  mho/V3 

The  nonlinear  capacitance-voltage  relationship  used  in  NCAP 
for  the  gate-source  capacitance  C  is  given  by 

C  =  K|V  +  V '  \~m  (6-19) 

1  o  us 

The  parameters  used  in  Eq.  (6-19)  are  described  in  Table  6-1. 
Typical  values  are  also  given.  The  nonlinear  coefficients  ,  C2> 
and  can  be  calculated  using 


cl  = 

c(v’s) 

(6-20) 

C2  = 

d/2)  §r- 

GS 

(6-21) 

C3 

aw  ^ 

(6-22) 

The  following  values  were  obtained. 

C  =  1.555  x  10-12  F 
C2  =  1.940  x  10“13  F/V 
C3  =  4.844  x  10"1A  F/V2 

Using  these  values  for  the  coefficients  a^,  a 2>  a3, 

Cl*  C2’  and  C3’  and  the  matrix  Eqs"  (6-8)»  (6-13),  and  (6-14),  values 
for  first-order,  second-order,  and  third-order  transfer  functions 
were  calculated.  Standard  subroutines  in  computer  libraries  such  as 
IMSL^3  available  at  SUNYAB  were  used.  The  results  are  given  in  Table 


6-2.  Also  given  in  Table  6-2  are  the  numerical  results  calculated 
using  the  computer  program  NCAP  at  Rome  Air  Development  Center,  Griffiss 
Air  Force  Base,  New  York.  The  two  sets  of  results  agree  well  for  the 
dominant  transfer  functions.  The  differences  observed  for  the  very 
low  valued  terms  are  believed  to  be  related  to  numerical  inaccuracies 
in  the  matrix  inversion  routines  used. 


TABLE  6-2 


CALCULATED  VALUES  FOR 

THE  JFET  NONLINEAR  TRANSFER 

FUNCTIONS 

Transfer  Function 

IMSL  (SUNYAB) 

NCAP(RADC) 

A^l  kHz) 

-jO. 948E-8 

1-jO. 948E-15 

B1(l  kHz) 

-78. 79+j0. 00002839 

-78. 78+jO. 00227 

D^l  kHz) 

0 . 0292+j0 . 340E-6 

0.0292+j0. 280E-4 

E1(l  kHz) 

0 . 788E-6+jO . 920E-11 

0. 788E-6+J0. 757E-9 

A2(l  kHz, 0.9  kHz) 

-0.901E-15-j0.862E-9 

-0. 219E-18+j0. 350E-15 

B2(l  kHz, 0.9  kHz) 

-0. 192E3+j0. 719E-4 

-0. 192E3+j0. 209E-1 

D2(l  kHz, 0.9  kHZ) 

0.712E-l+j0.528E-8 

0. 712E-l+j0. 124E-3 

E2(l  kHz, 0.9  kHz) 

0. 192E-5+JO. 143E-12 

0.192E-5+j0.336E-8 

A3(l  kHz, 0.9  kHz, 1.1  kHz) 

0. 182E-14-j0. 776E-9 

0.188E-18-j0.151E-15 

B3(l  kHz, 0.9  kHz, 1.1  kHz) 

0.412E2-j0.224E-4 

0 . 152E2+J  0 . 509E-1 

D3(l  kHz, 0.9  kHz, 1.1  kHz) 

-0. 152E-l+j0. 370E-7 

-0. 564E-2+jO. 353E-4 

E3(l  kHz, 0.9  kHz, 1.1  kHz) 

-0. 412E-6+jO . 100E-11 

-0.152E-6-j0.954E-9 

6.2  Tuned  RF  Amplifier  BJT  Stage 


In  this  section  a  second-order  transfer  function  for  a  tuned  RF 
amplifier  BJT  stage  will  be  calculated.  Results  obtained  using  a 
direct  calculation  procedure  anc  he  computer  program  NCAP  will  be 
presented  and  compared.  The  direct  calculation  procedure  involves 
the  use  of  computational  techniques  for  computer-aided  circuit 
analysis  programs.  This  is  necessary  because  the  network  equations 
used  to  calculate  the  second-order  transfer  functions  are  complicated. 

Shown  in  Figure  6-2  is  the  circuit  for  a  tuned  RF  amplifier 

stage  using  a  2N5109  NPN  bipolar  junction  transistor  (BJT).  Results  for 

this  circuit  including  the  linear  equivalent  circuit  have  been  reported 
44 

upon  previously.  It  is  instructive  to  show  the  computational  pro¬ 
cedures  used  by  NCAP  to  calculate  first  and  second-order  transfer 
functions.  The  bookkeeping  involved  in  calculating  third-order 
transfer  functions  is  so  complicated  that  it  was  not  attempted.  The 
calculation  of  the  third-order  transfer  functions  for  the  circuit 
shown  in  Figure  6-2  is  a  task  best  left  to  the  computer  program  NCAP. 
Since  this  example  will  illustrate  both  first  and  second-order  trans¬ 
fer  function  calculations,  the  BJT  stage  is  excited  by  two  independent 
voltage  sources  of  unit  amplitude  at  frequencies  f^  and  as  shown 
in  Figure  6-2.  The  voltage  sources  are  transformed  to  current  sources 
as  shown  in  Figure  6-3.  The  network  linear  responses  at  the  two 
frequencies  f^  and  and  nonlinear  response  at  the  frequency  f^  +  f^ 


will  be  calculated. 


2N5109  67!? 


2N5109  BJT 


FIGURE  6-3  A  2N5109  RF  Amplifier  Fortran  NCAP  Simulation  Circuit 

Diagram,  where  Only  the  Linear  Portion  of  the  Amplifier 
is  Shown. 


6.2.1  Construction  of  the  Linear  Nodal  Admittance  Matrix  Y  and  the  Linear 


Current  Excitation  Source  Vector 

We  used  a  direct  construction  method  to  build  the  nodal  admit¬ 
tance  matrix  Y  and  the  linear  current  source  vector  J  .  The  method 
is  summarized  briefly. 


(1)  Illustrated  in  Figure  6-4  is  a  composite  branch  connected  from 
node  i  to  node  j .  This  branch  includes  an  admittance  in 
series  with  an  independent  voltage  source  e  ,  both  of  which 
are  shunted  by  a  linear  current  source  j  .  The  contributions 
of  this  branch  to  the  ith  and  jth  rows  and  columns  of  the 
admittance  matrix  Y  and  to  the  ith  and  jth  row  of  the 


linear  current  source  vector  are  shown  next: 
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h 

h 


FIGURE  6-4  Composite  Branch  Containing  an  Admittance  Connected 

from  Node  i  to  Node  j 


FIGURE  6-5 


Composite  Branch  Containing  a  Voltage-Controlled 
Current  Source  Along  with  the  Controlling  Branch 
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Note  that  the  product  Y  generates  the  linear  node-to-datum  voltage 
vector  V^. 

(2)  Illustrated  in  Figure  6-5  is  a  composite  branch  connected  from  node 

i  to  node  j  containing  a  dependent  voltage-controlled  current  source 

g  v  in  series  with  an  independent  voltage  source  e.  both  of  which 
me  x. 

are  shunted  by  a  linear  current  source  j^.  The  control  voltage  v^ 
is  defined  by  a  voltage  developed  in  a  composite  branch  connected 
from  node  k  to  node  m.  The  contribution  of  these  components  to  the 
ith  and  jth  rows  and  kth  and  mth  columns  of  the  admittance  matrix 
Y  and  to  the  ith  and  jth  rows  of  the  linear  current  vector  are 
as  follows: 


k  m 


The  procedure  for  constructing  Y  and  is  initiated  by  setting 
Y  *  0  and  «  0.  Composite  branches  are  added  to  the  network  one 
by  one.  First  the  admittance  branches  of  the  kind  shown  in  Figure 
6-4  are  added,  and  then  the  controlled  source  branches  of  the  kind 
shown  in  Figure  6-5  are  added.  When  all  the  composite  branches  are 

added,  the  final  results  are  the  desired  Y  and  J  . 

i 

After  Y  and  are  constructed,  the  linear  response  of  the  net¬ 
work  (i.e.  the  first-order  transfer  function)  are  calculated  from 
the  matrix  equation 

YV1  =  h  (6-27) 

at  each  excitation  frequency  of  interst.  (For  example  two  source 
excitation  frequencies  f^  and  f^  are  used  when  second-order  transfer 
functions  are  to  be  calculated.)  Based  upon  the  values  of  the  first- 

order  transfer  functions,  the  second-order  current  source  vector 

J,„  can  be  evaluated, 
dz 

6.2.2  Calculation  of  the  Second-Order  Current  Source  Vector  J,„. 

dz 

The  magnitude  of  the  second-order  nonlinear  current  source  vector 

J,„  is  dependent  upon  the  second-order  nonlinearities  of  the  nonlinear 
dz 

components  in  the  circuit  and  the  first-order  node  voltage  vector 
at  each  excitation  frequency  of  interest.  For  the  BJT  used  in  the 
circuit  shown  in  Figure  6-2  several  nonlinearities  will  be  considered. 
One  of  these  is  the  base-emitter  nonlinear  resistance.  Another  is  the 
collector-base  nonlinear  capacitor.  The  third  is  the  collector-base 
nonlinear  dependent  current  generator.  The  nonlinear  base-emitter 
capacitance  was  modelled  as  a  linear  capacitor  for  simplicity.  The 


contribution  to  the  second-order  nonlinear  current  vector  J,„  by 

dz 

each  of  these  three  BJT  nonlinear  components  will  now  be  presented. 

(1)  Base-emitter  nonlinear  resistance 

The  base-emitter  nonlinear  resistance  is  connected  from  node  5 
to  node  6  in  the  circuit  shown  in  Figure  6-3.  In  this  circuit  the 
linear  term  (0.516  Q)  is  shown.  Now  we  shall  show  how  the  second- 
order  current  source  associated  with  the  nonlinear  base-emitter 
resistor  is  determined.  The  results  presented  in  Section  2.3.5  for 
a  nonlinear  resistor  are  used.  For  a  nonlinear  resistor,  the  second- 
order  current  source  can  be  written  in  the  time  domain  as 

jR2  =  K2Vr2  (6_28) 

where  vr  is  the  voltage  across  the  nonlinear  resistor.  If  the  non¬ 
linear  resistor  is  connected  from  node  5  to  node  6,  the  second-order 

current  source  vector  J^2  in  the  time  domain  for  the  nonlinear 
resistor  contains  non-zero  elements  only  in  the  rows  5  and  6  as 

shown  below. 

K2(v5  **  v6)2  (6-29) 

K2(v5  "  v6)2 

In  the  frequency  domain  at  frequency  Equation  (6-29)  has  the 

following  form: 
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5  -K2(V^(f1)-vJ(f1)) (V^(f2)-vJ(f2)) 

6  K2(V^(f1)-V^(f1))(V^(f2)-vJ(f2)) 


(6-30) 


where  V3  and  V3  denote  the  first-order  transfer  functions  of  voltages 
vc(t)  and  v/.(t)  respectively. 

J  o 

(2)  Collector-base  nonlinear  capacitance 


The  collector  base  nonlinear  capacitance  is  connected  from  node 
11  to  node  5  in  the  circuit  shown  in  Figure  6-3.  In  this  circuit 
diagram  the  linear  term  (0.2653  pF)  is  shown.  Now  we  shall  show 
how  the  second-order  current  source  associated  with  the  nonlinear 
capacitor  is  determined.  The  results  presented  in  Section  2.3.2 
for  a  nonlinear  capacitor  are  used.  For  a  nonlinear  capacitor  the 
second-order  current  source  j^2  can  be  written  in  time  domain  as 

jC2  =  C2  ft  Vc2  (6~31> 

where  v£  is  the  voltage  across  the  nonlinear  capacitor.  If  the 
nonlinear  capacitor  is  connected  from  node  11  to  node  5,  the  second- 
order  current  source  vector  Jc2  in  the  time  domain  for  the  non¬ 
linear  capacitor  contains  non-zero  elements  only  in  the  rows  11 
and  5  as  shown  below: 
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5  C2  ft(vll  *  v5>2 


11  -c2  ir(vu  -  V2 


(6-32) 


In  the  frequency  domain  at  frequency  f^  +  Equation  (6-32)  has 
the  following  form: 


5  j  (Wl+u>2)C2 [V*  (f  1)-vJ1  (f x)  ]  [V5  (f 2)-vJx  (f 2)  ] 


11  -j(<u1-hu2)C2[vJ(f1)-vJ1(f1)][vJ(f2)-vJ1(f2)] 


l  J  (6-33) 

where  denotes  the  first-order  transfer  function  of  the  voltage  Ct > . 


(3)  Nonlinear  dependent  current  source 


!  :* 

t  t. 


The  nonlinear  dependent  current  source  is  connected  from  node 
11  to  node  5  in  the  circuit  shown  in  Figure  6-3.  In  this  circuit 
diagram  the  linear  term  (1.99446V)  is  shown.  Now  we  shall  show 
how  the  second-order  current  source  associated  with  the  nonlinear 
dependent  current  source  is  determined.  The  results  presented  in 
Section  2.3.4  for  a  nonlinear  dependent  current  source  can  be 
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written  in  time  domain  as 

jy  =  g20vx2  +  g02Vy2  +  gllVxVy  (6‘3A) 

where  vx  is  the  voltage  across  the  controlling  branch  x,  and  is  the 
voltage  across  the  controlled  branch  y.  If  the  nonlinear  dependent 
current  generator  is  connected  from  node  11  to  node  5,  with  the 
controlling  branch  connected  from  node  5  to  node  6,  the  second-order 
current  source  vector  J ^  in  the  time  domain  for  the  nonlinear  de¬ 
pendent  current  source  contains  non-zero  elements  only  in  rows  11 
and  5  as  shown  below: 


G2 


11 


g20(v5"V6)2  +  802(VH"V5)2  +  gll(v5"v6)(virv5) 


-g20(v5’v6)2  ~  g02(vll“v5)2  ~  gll(v5"v6)(virv5) 


(6-35) 


J 


In  the  frequency  domain  at  frequency  f^  +  f^.  Equation  (6-35)  has  the 
following  form: 
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— 


5 


J 


G2 


820IV5(fl>-',6(fl»lV5<f2>-V6<f2>1 

+  *02tVU«l)-V5<,l))IVU(f2>-V5(£2» 
+  BU [V5 (f 1)-V£(f1) 1 < <£2)-V£ (f 2) ] 


11 


-820(',5<fl>-V6(fl,l[V5<f2>-V6(f2» 

-  B02  <VU <f  1>'V5 <f  1> 1  (VU  (f2 > -V5  <f 2 >  1 

-  8ll[V5<fl>-V6<fl»lVil<£2>-V5(f2>l 


(6-36) 


By  adding  together  all  the  components  for  the  second-order  nonlinear 
current  vector  given  In  Eqs.  (6-30),  (6-33),  6-36),  we  obtain  the 
desired  second-order  nonlinear  current  source  vector  in  the 
frequency  domain  at  the  frequency  f  *  +  f^. 

6.2.3  Calculation  of  the  Second-Order  Nonlinear  Transfer  Functions 

The  second-order  transfer  function  vector  for  the  tuned  RF 
amplifier  stage  shown  in  Figure  6-2  is  calculated  at  frequency 
f  ■  f^  +  by  solving  the  matrix  equation 

Y (f x  +  f2)  H2(frf2)  =  \  Jd2  (6-37) 

where  the  current  source  vector  is  the  sum  of  the  matrix  Eqs. 

a/ 

(6-30),  (6-33),  and  (6-36).  The  admittance  matrix  Y(f^  +  f2)  is 
the  linear  nodal  matrix  evaluated  at  frequency  f^  +  f2-  The  computer 
program  given  in  Appendix  IV  was  used.  This  computer  program  will 
now  be  described  briefly. 
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First  the  circuit  information  shown  in  Figure  6-3  is  entered 
so  that  the  nodal  admittance  matrix  Y  can  be  calculated  at  each 
frequency  of  interest.  Next  the  NCAP  input  data  for  the  2N5109  BJT 
given  in  Table  2-1  are  entered.  The  computer  program  given  in 
Appendix  IV  calculates  the  nonlinear  coefficients  for  the  BJT.  The 
results  were  given  previously  in  Table  2-2.  Next  the  two  excitation 
frequencies  are  selected.  The  values  f^  =  10  MHz  and  f ^  =  -9  MHz 
were  used.  At  this  point  all  the  data  necessary  for  the  computation 
are  entered.  Now  the  computation  can  begin. 

First  the  computer  program  given  in  Appendix  IV  solves  for 
the  network  first-order  transfer  functions  at  f^  =  10  MHz  and  f^  = 

-9  MHz.  A  subroutine  for  solving  matrix  equations  in  the  library  IMSL 
available  at  SUNYAB  is  used.  Next  the  second-order  current  vector 
J  at  frequency  f  +  f,  is  computed.  Also  the  admittance  matrix 
Y(f^  +  f^)  at  the  frequency  f^  +  f2  is  computed.  The  matrix  Eq. 

(6-37)  is  solved  using  the  IMSL  subroutine.  The  results  for  the 
tuned  RF  amplifier  output  transfer  function  (at  node  20  in  Figure 
6-3)  are  given  in  Table  6-3. 

Also  given  in  Table  6-3  are  the  computer  program  NCAP  results 
for  the  tuned  RF  amplifier  output  transfer  function.  The  NCAP 
results  and  the  results  calculated  using  the  computer  program  given 
in  Appendix  IV  are  in  excellent  agreement.  The  very  small  numerical 
differences  between  these  two  sets  of  results  may  be  related  to  the 
fact  that  the  computer  program  NCAP  accounts  completely  for  the  base- 
emitter  nonlinear  diffusion  capacitance. 
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TABLE  6-3 


CALCULATED  RESULTS  FOR  THE  FIRST  AND  SECOND  ORDER 
TRANSFER  FUNCTIONS  FOR  THE  2N5109  TUNED  RF 
AMPLIFIER  AT  THE  OUTPUT  NODE3 

ORDER  TRANSFER  FUNCTION  SUNYAB  PROGRAM  NACP(RADC) 

(Appendix  IV) 


DB 

ANGLE 

DB 

ANGLE 

n  = 

i 

H.  (10  MHz) 

19.412 

-167.313 

19.409 

-167.29 

n  = 

i 

H  (-9  MHz) 

12.622 

128.528 

12.620 

128.52 

n  = 

2 

H2<10  MHZ1,  -9  MHz) 

-29.215 

-71.317 

-29.408 

-83.08 

a  The  output  node  is  node  20  of  the  FORTRAN  coded  circuit  diagram 

Figure  6-3,  or  node  23  of  the  NCAP  coded  circuit  diagram  Figure  6-2. 
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CHAPTER  SEVEN 


THE  MEASUREMENT  AND  PREDICTION  OF  THE  SECOND-ORDER 
TRANSFER  FUNCTIONS  IN  INTEGRATED  CIRCUITS 

In  Chapter  Four  two  amplifier  circuits  using  integrated  circuits 
were  presented.  The  broadband  amplifier  circuit  shown  in  Figure 
4-2  uses  a  CA3026  dual  differential  pair  as  the  active  device.  The 
unity  gain  voltage  follower  circuit  shown  in  Figure  4-11  uses  a  uA741 
operational  amplifier  (op  amp)  as  the  active  device.  The  NCAP  model 
parameters  for  these  two  integrated  circuits  were  given  in  Tables  4-1 
and  4-3.  Using  the  circuit  information  given  in  Figures  4-2  and  4-11 
and  NCAP  parameters  given  in  Tables  4-1  and  4-3  the  second-order  trans¬ 
fer  functions  of  the  two  amplifiers  can  be  calculated  by  the  computer 
program  NCAP.  Haweve*-,  as  discussed  in  Chapters  Five  ;.nd  Six,  the  sim¬ 
ulation  program  NCAP  first  calculates  the  first-order  (linear)  voltages 
at  all  the  nodes  in  the  network  at  all  frequencies  of  interest.  The 
second-order  responses  depend  upon  the  values  of  these  first-order 
node  voltages.  Thus,  accurate  values  for  the  first-order  node  voltages 
are  needed,  if  accurate  results  for  the  second-order  calculations 
are  desired.  Thus,  it  is  necessary  to  have  accurate  linear  models  for 
the  electronic  circuits.  Therefore,  in  this  chapter  the  linear  models 
determined  for  the  complete  CA3026  cascode  amplifier  and  the  pA741 
unity  gain  buffer  amplifier  are  presented.  Accurate  linear  models 
are  developed  by  comparing  calculated  and  measured  linear  transfer 
functions  and  by  making  adjustments  to  the  linear  models  as  appropriate. 
Then  second-order  transfer  functions  of  the  amplifiers  are  calculated 
and  compared  to  values  measured  in  our  laboratory. 
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This  chapter  is  organized  in  the  following  manner.  First  the 
linear  models  determined  for  the  CA3026  cascode  amplifier  and  the 
pA741  op  amp  unity  gain  buffer  are  presented.  The  measured  and 
predicted  values  for  the  output  first-order  (linear)  transfer  function 
of  the  amplifiers  are  given.  Also  included  is  a  description  of  the 
experimental  system  used  to  measure  the  second-order  transfer  func¬ 
tions  of  the  amplifiers  and  the  calculation  method  used  to  compute 
the  transfer  functions  from  the  measured  voltages.  The  NCAP  computer 
program  input  data  listing  for  the  two  amplifiers  are  tabulated.  The 
NCAP  predicted  and  the  experimental  measured  results  are  presented  and 
compared  at  the  end  of  the  chapter. 

7.1  Linear  Model  of  the  CA3026  Cascode  Amplifier 

The  linear  model  for  the  CA3026  cascode  amplifier  is  determined 
by  comparing  experimental  and  calculated  results  of  the  amplifier 
linear  transfer  function  VOUT/VIN  over  the  frequency  range  100  Hz 
to  30  MHz.  Experiemental  values  of  VOUT/VIN  for  the  cascode  amp¬ 
lifier  were  measured  using  the  measurement  system  shown  in  Figure  7-1. 
The  experimental  results  for  the  magnitude  and  phase  of  VOUT/VIN 
are  shown  in  Figures  7-2  and  7-3. 

Also  shown  in  Figures  7-2  and  7-3  are  calculated  values  of 
VOUT/VIN  obtained  using  the  computer  program  SPICE2.  The  calculated 
values  were  obtained  using  the  linear  equivalent  circuit  for  the 
cascode  amplifier  shown  in  Figure  7-4.  The  linear  equivalent  circuit 
contains  linear  models  for  the  three  CA3026  BJT's  (Ql,  Q2,  and  Q3) 
and  linear  models  for  the  passive  components.  The  passive  component 
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Phase  of  VOUT/VIN  (Degree) 


FIGURE  7-3 


Measured  and  Predicted  Values  for  the  First-Order 
Transfer  Function  VOUT/VIN  of  the  Cascode  Amplifier 


35.78HH 


FT CURE  7-4  a  Linear  Incremental  Equivalent  Circuit  Model  for 

the  CA3026  Cascode  Amplifier.  Note  That  the  Hybrid- 
Pi  Model  is  Used  for  the  BJT's 


models  accounted  for  parasitic  effects.  Values  for  the  hybrid-pi 
model  parameters  used  in  the  linear  models  for  the  BJT’s  are  listed 
in  Table  7-1.  Methods  used  to  determine  the  BJT  hybrid-pi  model 
parameter  values  are  discussed  in  Chapter  Two  and  in  Ref.  (18). 
Procedures  for  determining  component  parasitic  elements  are 
described  in  Ref.  (44). 

The  calculated  and  experimental  values  for  the  magnitude  re¬ 
sponse  shown  in  Figure  7-2  agree  within  5  dB  over  the  frequency 
range  100  Hz  to  30  MHz.  The  calculated  and  experimental  values  for 
the  phase  response  shown  in  Figure  7-3  agree  within  25  degrees  over 
the  frequency  range  100  Hz  to  20  MHz.  Above  20  MHz  the  experimental 
values  for  the  phase  response  appear  to  be  beginning  to  deviate 
from  the  measured  values.  Thus,  the  linear  model  for  the  cascode 
amplifier  circuit  shown  in  Figure  7-4  should  be  quite  suitable  for 
NCAP  calculation  involving  RF  frequencies  up  to  30  MHz  which  is  the 
upper  limit  for  the  HF  frequency  range.  The  NCAP  calculated  results 
will  be  given  in  Section  7.4. 

7.2  Linear  Model  of  the  yA741  Unity  Gain  Buffer  Amplifier 

The  linear  model  for  the  yA741  unity  gain  buffer  amplifier  is 
determined  by  comparing  experimental  and  calculated  results  of  the 
amplifier  linear  transfer  function  V0UT/VIN  over  the  frequency  range 
100  Hz  to  3  MHz.  Experimental  values  of  VOUT/VIN  for  the  unity  gain 
buffer  amplifier  were  measured  using  the  measurement  system  shown  in 
Figure  7-5.  The  experimental  results  for  the  magnitude  and  phase  of 
VOUT/VIN  are  shown  in  Figures  7-6  and  7-7. 
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Also  shown  in  Figures  7-6  and  7-7  are  two  sets  of  calculated 
values  of  VOUT/VIN  obtained  using  the  computer  program  SPICE2.  The 
calculated  values  were  obtained  for  the  circuit  diagram  shown  in 


TABLE  7-1 


LINEAR  INCREMENTAL  HYBRID-PI  MODEL  PARAMETERS  FOR 
BJT'S  IN  THE  RCA  CA3026  INTEGRATED  CIRCUIT® 


Parameter 

Ql 

Q2 

Q3 

r^  (ohm) 

512 

554 

483 

C  (-C,  +Cb) 
V  jc 

(pF) 

1.0 

1.0 

1.0 

C  (=C.  +C.) 
n  je  d 

(pF) 

17.46 

23.37 

35.89 

rc  (ohm) 

2M 

2M 

2M 

gm  (m  mho) 

48.077 

71.154 

120.0 

re  (ohm) 

20.61 

13.93 

8.26 

r  (k  ohm) 

2.288 

1.546 

0.917 

The  dc  operating  point  bias  emitter  currents  for  transistors  Ql,  Q2, 
and  Q3  are:  I  -  1.25  mA,  I„  =  1.85  mA,  Ipn  =  3.12  mA. 


FIGURE  7-6  (a)  Measured  and  Predicted  Values  for  the 

First-Order  Transfer  Function  VOUT/VIN 
of  the  Unity  Gain  Buffer 


Transfer  Function  VOUT/VIN  of  the  Unity  Gain 
Buffer.  (Note  Change  of  the  Scale.) 
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Figure  4-11;  the  SPICE2  coding  list  is  given  in  Table  4-4.  The  SPICE2 
BJT  parameter  values  are  given  in  Table  4-2.  One  set  of  calculated 
values  for  VOUT/VIN  were  obtained  using  Wooley's  BJT  parameter  values. 

The  other  set  of  calculated  values  for  VOUT/VIN  were  obtained  using 
the  BJT's  parameter  values  determined  from  probe  measurement. 

Now  let  us  compare  the  experimental  and  calculated  values  for  the 
op  amp  magnitude  response  shown  in  Figures  7-6  (a)  and  7-6 (b).  Expanded 
scale  is  used  in  Figure  7-6 (b).  Below  100  kHz  the  measured  and  calculated 
values  agree  exactly.  In  the  frequency  range  100  kHz  to  3  MHz  the  measured 
values  and  values  calculated  using  our  probe  data  agree  within  3  dB.  The 
values  calculated  using  Wooley's  data  show  a  peaking  effect  at  1  MHz  and 
differ  from  the  measured  value  by  6  dB  at  1  MHz.  Above  3  MHz  the  measured 
and  calculated  values  for  the  magnitude  response  decrease  rapidly  as  shown 
in  Figure  7-6 (b).  Now  let  us  compare  the  experimental  and  calculated 
values  for  the  op  amp  phase  response  shown  in  Figure  7-7.  Below 
100  kHz  the  measured  and  calculated  values  agree  exactly.  In  the 
frequency  range  100  kHz  to  1  MHz  the  measured  values  and  values 
calculated  using  our  probe  data  agree  within  10  degrees.  The  values 
calculated  using  Wooley's  data  differ  from  the  measured  value  by  40 
degrees.  Above  1  MHz  the  measured  and  calculated  values  for  the  phase 
response  are  changed  rapidly  as  shown  in  Figure  7-7.  The  linear  model 
for  the  741  op  amp  circuit  shown  in  Figure  4-11  has  been  developed  for 
frequencies  up  to  3  MHz.  However,  as  will  be  shown  later,  RFI  pre¬ 
dictions  at  frequencies  greater  than  3  MHz  can  be  made  quite  satis¬ 
factorily  for  this  circuit.  The  NCAP  calculated  results  will  be  given 
in  Section  7.4. 
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7.3  The  Measurement  of  Second-Order  Transfer  Functions 

There  are  several  second-order  transfer  functions  that  could  be 
measured  for  the  IC  amplifiers  investigated  in  this  dissertation. 

Both  IC  amplifiers  are  basically  broadband  amplifiers  for  the  frequency 
range  100  Hz  to  1  MHz  (or  higher).  Of  particular  interest  to  us  is 
determining  how  well  NCAP  can  predict  how  RF  signals  are  demodulated 
in  IC's  to  produce  low  frequency  response  within  the  frequency  region 
where  the  IC  amplifier  is  designed  to  operate.  Therefore,  the  IC 
amplifiers  shown  in  Figure  4-2  and  4-11  were  excited  by  amplitude 
modulated  RF  signals.  The  RF  frequency  was  \aried  over  the  range  50 
kHz  to  60  MHz;  the  amplitude  modulation  index  was  0.5,  and  the  AM 
modulation  frequency  was  either  400  Hz  or  1  kHz.  At  the  integrated 
circuit  amplifier  output  the  voltage  at  the  AM  modulation  frequency 
was  measured  using  a  tuned  audio  frequency  (AF)  voltmeter.  As  will 
be  shown,  the  voltage  measured  on  the  tuned  AF  voltmeter  is  directly 
related  to  the  IC  amplifier  second-order  transfer  function  H2^1’-^2^' 

The  measurement  system  for  determining  the  second-order  transfer 
function  H2^1’~^2^  is  shown  in  Figure  7-8.  The  frequency  f^  is  the 
RF  carrier  frequency  fD„;  the  frequency  f„  is  the  lower  sideband 
frequency  f2  =  fgp,  -  fAF  where  the  frequency  f  is  the  modulation 
frequency.  The  measurement  circuit  is  simple.  The  low  pass  filter 
is  included  between  the  amplifier  output  and  the  tuned  AF  voltmeter 
in  order  to  reduce  RF  signals  at  the  AF  voltmeter  input.  This  is  done 
because  an  amplitude  modulated  RF  signal  at  the  tuned  AF  voltmeter 
could  generate  audio  frequency  responses  in  the  tuned  AF  voltmeter. 
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Shown  in  Figure  7-9  for  the  CA3026  cascode  amplifier  and  in 
Figure  7-10  for  the  741  op  amp  voltage  follower  are  the  tuned  AF 
voltmeter  readings  plotted  versus  the  generator  available  RF 
power  Pgen.  (The  RF  power  Pgen  is  that  which  will  be  delivered  by 
the  generator  to  a  50  ohms  load  resistor.)  At  low  enough  values 
for  Pgen  a  5  dB  increase  in  the  Pgen  value  causes  a  10  dB  increase 


in  the  value.  The  analysis  to  be  presented  in  this  section 
shows  that  this  is  to  be  expected  when  nonlinear  terms  of  the  order 
greater  than  two  are  not  important.  Thus,  the  RF  generator  power 
must  be  less  than  -35  dBm  for  the  CA3026  cascode  amplifier  and  less 
than  -10  dBm  for  the  pA741  op  amp  voltage  follower  to  avoid  higher- 
order  (n  >  2)  nonlinear  effects. 


Using  data  such  as  those  presented  in  Figures  7-9  and  7-10, 
the  second-order  transfer  function  can  be  determined. 

We  begin  by  expressing  the  RF  generator  input  signal  as 

V  =  A  (1  +  m  cos2irf  t)cos2Trf  t 

v  Ar  Kr 

=  A  ^  cos2Tr(fRF"fAF)t  +  T  cos2lT(fRF+fAF),: 

where  A  is  the  amplitude  of  the  modulating  signal,  m  the  modulation 
index,  fAp  the  frequency  of  the  modulation  signal,  and  fR?  the  RF 
carrier  frequency.  Next  the  frequencies  f^,  and  f^  are  defined 
by  the  following  equations: 


(7-1) 
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Note  that 


f3  *  (WRF  +  “AF)/2lT 


fAF  "  fl  "  f2  "  f3  -  fl 


(7-4) 


(7-5) 


Then  the  input  signal  V.  can  be  written  in  the  form 

Lr 


VG  =  X(t)  =  I[Aie 


±  j2irf1t  j  2irf  2t  j2irf3t  32l,f4t 


+  &2e 


+  A^e 


+  A.e 
4 


+  A^e 


j  27rf  ^t  j2irf^t 


+  V  5 


(7-6) 


yc  7C  JC 

where  A^  =  A^  =  A,  -  k^  ~  mA/2,  A^  =  A^  =  mA/2,  =  -f^,  f^=  -f 2 » 

and  f,  =  -f_.  (The  symbol  *  denotes  the  complex  conjugate  of  an  expression.) 
6  3 

The  output  response  y(t)  of  the  amplifier  can  be  written  as  a 
combination  of  transfer  functions  of  different  orders: 

1  6 

y(t)  »  -Z  l  A  H.  (f  )  exp(j2nf  t) 
l  -  m  i  m  m 

m-1 


+2  E  Ai  \  H2(fi,fk) 
k=l 


+  higher  order  terms 


(7-7) 


Of  interest  to  us  are  the  components  in  the  above  equation  to  which 
the  tuned  AF  voltmeter  responds.  The  AF  voltmeter  responds  only 
to  terms  at  the  modulation  frequency  f  .  Thus  only  four  components 
in  the  above  expression  contribute  to  the  signal  v^(t)  to  which  the 
AF  voltmeter  responds. 
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The  expression  for  v  (t)  is 

m 


vm(t)  =  j  A2A5  H2(f1,f5)  exp[j2TT(f1+f5)t] 


+  ^  H2(f1,f6)  exp[j2n(f1+f6)t]  (7-8) 


+  ^  H2 (f 2 * f 4)  exptj2n(f2+f^)t] 


+  A3A4  H2(f3,f4)  exp[j2n(f3+f^)t] 


vc  vc  vc 

Now  using  the  relationships  =  A,  A^  =  A2  =  mA/2,  A^  =  A^ 

=  “A/2*  fi  +  f5  fAF’  fl  +  f6  -fAF’  f2  +  f4  _fAF*  and  f3  +  f4 
f  ,  and  assuming  the  transfer  functions  H^f^.f^),  H2(f^,fg),  H2(f2>f^), 

and  H2(f3>f^)  are  all  equal,  Equation  (7-8)  can  be  written  as 


vm(t)  =  mA  H2(f1,-f2)  cos[2ir(f1,-f2)t] 


(7-9) 


The  AF  voltmeter  indicates  a  value  for  the  rms  voltage  which  is 

denoted  as  Vu.  The  AF  voltmeter  V„  reading  can  be  expressed  as 
M  M 


VM  -  i  »A2  H2(£r-f2) 


(7-10) 


because  the  amplitude  of  the  audio  frequency  signal  to  which  the 

2 

voltmeter  response  is  (mA  )H2(f^,-f2)  as  can  be  seen  by  examining 
Eq.  (7-9).  The  measured  rms  voltage  on  the  tuned  AF  voltmeter  can 
also  be  expressed  in  dB  with  respect  to  a  1  mV  reference  level  as 


20  log  ~  -  20  log  [JmA2  I  V^.-f^U  -20  log  (10_3) 


57  +  20  log  m  +  40  log  A  +  20  log  j  H£(f  ,-f2)| 


(7-11) 


Referring  to  the  Thevenin  equivalent  circuit  shown  in  Figure  7-11 
for  the  H2  measurement,  we  can  express  the  average  power  delivered 
from  the  signal  generator  into  a  50  ohms  load  impedance  as 

Pgen  =  V  2  /R  =  (  -  )2/R  (7-12) 

1  1  Jl  RG+Ri  1 

where  A  is  amplitude  of  the  unmodulated  RF  carrier  voltage,  and  is  an 
rms  value.  Since  R  =  R  =  50  ohms.  Equation  (7-12)  becomes 

\J  1 

Pgen  =  A2/ 400  (7-13) 

Expressing  Eq.  (7-13)  in  dBm,  the  following  result  is  obtained 

A2  -3 

Pgen  (dBm)  =  10  log  (  ^/lO  )  =  *  +  20  log  A  (7-14) 
Substituting  Eq.  (7-14)  into  Eq.  (7-11)  with  m  =  0.5,  we  obtain 

20  log  |VM/lmV|  =  2  Pgen  (dBm)  +  43  +  20  log iH^f^-fj)  |  (7-15) 

Upon  examining  Eq.  (7-15)  we  note  that  a  5  dB  change  in  the  Pgen  value 

should  cause  a  10  dB  change  in  the  measured  V„  value.  As  discussed 

M 

previously  only  those  regions  in  Figures  7-9  and  7-10  where  this 
rule  is  obeyed  can  be  used  to  determine  values  for  the  second- 
order  transfer  function  H2^1’~^2^*  Rearranging  Eq.  (7-15),  we 
obtain  the  following  result  for  the  second-order  transfer  function 

20  log|H2(f1,-f2) I-  20  log  |VM/lmV|  -43-2  Pgen  (dBm)  (7-16) 

Using  Eq.  (7-16),  values  for  the  second-order  transfer  function 
were  extracted  from  the  AF  voltmeter  readings  at  different  RF 
frequencies.  Typical  results  are  given  in  Table  7-2  for  CA3026 
cascode  amplifier  and  in  Table  7-3  for  pA741  op  amp  voltage  follower. 
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TABLE  7-2 


RF  Freq. 

SECOliD-ORDER  TRANSFER  FUNCTION  MEASUREMENT 
OF  CA3026  CASCODE  AMPLIFIER  WITH 

Pgen  =  -35  dBm  AND  f ^  =  1  kHz 

AF  VM  Read. 

H2(fl’~f2) 

fRF  <HZ> 

VM  (rms  mV) 

(dB) 

50  k 

1 

27. 

100  k 

1.1 

27.83 

200  k 

1.15 

28.21 

500  k 

1.17 

28.36 

1  M 

1.15 

28.21 

2  M 

1.05 

27.42 

5  M 

1 

27. 

7  M 

0.92 

26.96 

10  M 

0.82 

25.28 

15  M 

0.66 

23.39 

20  M 

0.51 

21.15 

30  M 

0.32 

17.10 

50  M 

0.16 

11.08 

a  The 

frequency  = 

fRF>  and  the  frequency  f2  *  fRF 

-  f where 
AF 

fAF  =  1  kHZ 
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TABLE  7-3 


SECOND-ORDER  TRANSFER  FUNCTION  MEASUREMENT  OF 
UA741  UNIT  GAIN  BUFFER  WITH  Pgen  =  -10  dBm  and  f =  400  Hz 

Ar 


RF  Freq. 

AF  VM  Read. 

Vfl’-f2 

fRF  (HZ) 

VM  (rms  mV) 

(dB) 

50  k 

0.008 

-64.94 

60  k 

0.011 

-62.17 

70  k 

0.015 

-59.48 

80  k 

0.019 

-57.42 

90  k 

0.0235 

-55.58 

100  k 

0.029 

-53.75 

150  k 

0.064 

-46.08 

200  k 

0.112 

-42 

250  k 

0.18 

-37.9 

300  k 

0.27 

-34.37 

400  k 

0.525 

-28.6 

500  k 

0.92 

-23.724 

600  k 

1.5 

-19.48 

700  k 

2.2 

-16.15 

800  k 

3.0 

-13.46 

900  k 

3.85 

-11.29 

1  M 

4.7 

-  9.56 

1.5  M 

7.1 

-  5.97 

2  M 

6.4 

-  6.88 

3  M 

6.4 

-  6.88 

4  M 

7.0 

-  6.2 

5  M 

7.9 

-  6.2 

6  M 

7.4 

-  5.6 

7  M 

8.2 

-  4.72 

8  M 

9.0 

-  3.92 

9  M 

9.8 

-  3.18 

10  M 

10.5 

-  2.58 

15  M 

13.5 

-  0.393 

20  M 

13.5 

-  0.393 

30  M 

14.5 

-  0.23 

40  M 

13.5 

-  0.393 

50  M 

12.0 

-  1.42 

60  M 

11.0 

-  2.17 

a  The  frequency  *  f^,  and  the  frequency  *  f^  -  f^  where 
f^  -  400  Hz. 
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The  experimental  values  for  given  in  Table  7-2  for 

the  CA3026  cascode  amplifier  are  plotted  versus  frequency  as  shown 
in  Figure  7-12.  The  experimental  values  for  ^(f^,-^)  given  in 
Table  7~3  for  the  pA741  unity  gain  buffer  amplifier  are  plotted  versus 
frequency  as  shown  in  Figure  7-13. 

7.4  Comparison  of  Experimental  and  Calculated  Values  for  the  Second- 
Order  Transfer  Functions 

In  this  section  the  experimental  values  for  the  second-order 
transfer  function  H2(f^,-f2)  presented  in  the  previous  section  will 
be  compared  to  the  values  calculated  using  NCAP.  First  a  comparison 
of  experimental  and  calculated  results  for  the  CA3026  cascode  ampli¬ 
fier  will  be  made.  Then  a  similar  comparison  of  experimental  and 
calculated  results  for  the  pA741  unity  gain  voltage  follower  will  be 
made. 


Shown  in  Figure  7-12  for  the  CA3026  cascode  amplifier  are  ex¬ 
perimental  values  for  and  values  calculated  using  the 

computer  program  NCAP.  The  calculated  values  were  obtained  using 
the  NCAP  coding  circuit  diagram  for  the  CA3026  cascode  amplifier 
shown  in  Figure  7-14.  This  coding  circuit  diagram  gives  the  node 
numbers  used  in  the  NCAP  program.  The  associated  NCAP  input  coding 
list  is  given  in  Table  7-4.  Upon  comparing  the  calculated  and  ex¬ 
perimental  results  given  in  Figure  7-12  it  is  observed  that  the 


calculated  values  show  a  little  more  variation  with  frequency  then 
do  the  experimental  values.  In  the  frequency  range  50  kHz  to  10  MHz 
the  experimental  values  for  H^f^-f^  are  in  the  range  27  to  29  dB, 
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FIGURE  7-12  Calculated  and  Measured  Responses  for  the  Second- 

Order  Transfer  Function  of  the  CA3026  Cascode  Amplifier 


fi.A741  Voltage  Follower 


FIGURE  7-13  Calculated  and  Measured  Second-Order  Transfer  Func¬ 

tions  for  the  yA741  Unity  Gain  Buffer.  Inverting 
Input  is  Not  Shunted  with  Capacitances.  (C  =  0.) 


and  the  calculated  values  for  H2(f1»-f2)  are  in  the  range  25  to  32  dB. 
In  this  frequency  range  the  difference  between  the  experimental  and 
calculated  values  for  H2(f^,-f2)  is  4  to  1  dB.  Above  10  MHz  the 
experimental  and  calculated  values  for  H2  decrease  rapidly  with 
increasing  frequency  with  the  calculated  values  being  less  than  the 
experimental  values.  The  agreement  between  the  calculated  and 
experimental  values  for  H2(f^,-f2)  shown  in  Figure  7-12  for  the 
CA3026  cascode  amplifier  may  be  characterized  as  being  very  good 
qualitatively  and  quantitatively. 

Shown  in  Figure  7-13  for  the  unity  gain  voltage  follower  are 
experimental  values  for  H2(f^,-f2)  and  values  calculated  using 
the  computer  program  NCAP.  The  calculated  values  were  obtained 
using  the  NCAP  coding  circuit  diagram  for  the  pA741  unity  gain 
voltage  follower  shown  in  Figure  7-15.  This  coding  circuit  diagram 
gives  the  node  numbers  used  in  the  NCAP  program.  The  associated 
NCAP  input  coding  list  is  given  in  Table  7-5.  The  parameter  values 
for  the  BJT's  used  in  Table  7-5  are  those  determined  using  probe 
measurements.  (See  Table  4-3).  NCAP  calculated  results  were  also 
obtained  using  Wooley's  values  for  the  BJT  model  parameters  which 
were  given  previously  in  Table  4-3.  Both  sets  of  calculated  re¬ 
sults  are  presented  in  Figure  7-13.  At  the  RF  frequency  of  50  kHz 
both  the  measured  and  calculated  values  for  H2  are  less  than 
-50  dB,  an  extremely  small  value.  As  the  RF  frequency  increases 
from  50  kHz  to  1  MHz,  both  the  experimental  and  calculated  values 
for  H2  increase  rapidly.  At  frequencies  near  1  MHz  the  experimental 


FIGURE  7-15  The  NCAP  Coding  Circuit  Diagram  for  the  yA741  Unit  Gain  Buffer. 


values  for  begin  to  reach  a  plateau  in  the  -10  to  0  dB  range. 

The  calculated  values  for  H^  reaches  a  plateau  region  at  frequencies 
in  the  5  to  10  MHz  range.  In  the  frequency  range  10  to  50  MHz  the 
experimental  values  for  H^  are  fairly  constant  with  values  near  0  dB. 

The  values  calculated  for  using  Wooley's  data  are  in  very  good 
agreement  with  the  experimental  values  for  frequencies  in  the  range 
10  to  50  MHz.  The  values  for  calculated  using  the  probe  data 
decrease  more  rapidly  than  do  the  experimental  values  in  this  fre¬ 
quency  range.  Why  the  values  for  calculated  using  the  probe 
data  are  lower  than  those  calculated  using  Wooley's  data  at  fre¬ 
quencies  above  10  MHz  is  not  completely  understood  at  this  time. 

One  Importance  difference  between  the  two  sets  of  data  is  that 
the  collector-substrate  capacitance  values  reported  by  Wooley  (See 
Table  4-3.)  are  higher  than  the  2  pF  typical  value  (not  measured) 
used  with  the  probe  data.  It  appears  that  a  more  careful  evaluation 
of  the  effects  of  the  collector-substrate  depletion  layer  capaci¬ 
tance  associated  with  the  col lector- substrate  junctions  used  to 
provide  isolation  is  needed  for  RF  frequencies  greater  them  10  MHz. 
Until  that  evaluation  is  completed,  it  is  recommended  that  Wooley's 
data  be  used  for  calculations  of  nonlinear  transfer  functions  for 
?41  op  amps  involving  RF  frequencies  above  10  MHz  and  that  the  probe 
data  be  used  for  such  calculations  involving  RF  frequencies  less 
than  10  MHz. 
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The  values  for  ^  shown  in  Figure  7-13  for  the  pA741  unity  gain 
voltage  follower  are  30  to  40  dB  lower  than  the  values  for  Hg  shown 
in  Figure  7-12  for  the  CA3026  cascode  amplifiers.  This  result  is  a 
circuit  effect  caused  by  the  large  amount  of  feedback  used  in  the 
pA741  unity  gain  voltage  follower  circuit.  (See  Figure  4-11.)  It 
is  recognized  that  both  AF  signals  and  RF  signals  were  being  fed  back 
from  the  op  amp  output  to  the  inverting  input.  It  was  thought  worth¬ 
while  to  determine  the  effect  of  reducing  the  RF  signals  feedback  by 
placing  a  bypass  capacitor  C  from  the  inverting  input  to  ground.  At 
high  enough  frequencies  the  capacitor  will  tend  to  behave  as  an  ac 
short  circuit.  Two  capacitance  values  selected  were  0.2  pF  and 
200  pF.  The  new  sets  of  experimental  and  calculated  values  for  the 
second-order  transfer  function  Hg  of  the  pA741  voltage  follower  are 
shown  in  Figure  7-16  (C  *  0.2  pF),  and  in  Figure  7-17  (C  =  200  pF) . 

Upon  comparing  Figures  7-13  and  7-16  it  is  observed  that  the 
0.2  pF  capacitor  causes  a  large  increase  in  the  meas  .red  and  calculated 
values  of  H  at  RF  frequencies  below  100  kHz,  and  a  small  increase  in 
the  measured  and  calculated  values  for  H^  at  RF  frequencies  above 
1  MHz.  Upon  comparing  Figures  7-13  and  7-17  it  is  observed  that  the 
200  pF  capacitor  causes  a  large  increase  (approximately  50  dB)  in  the 
measured  and  calculated  values  for  H^  over  the  frequency  range  50  kHz 
to  50  MHz.  Clearly  the  use  of  a  large  capacitor  such  as  a  200  pF 
connected  to  the  op  amp  inverting  input  as  an  RFI  supression  element 
would  be  very  counter  productive  in  that  it  will  cause  a  very  large 
increase  in  RFI  effects  in  the  741  op  amp  circuit.  This  is  just  one 
more  example  of  the  often  unexpected  effects  that  occur  in  feedback 


amplifiers  when  a  circuit  change  is  made. 

On  comparing  the  experimental  and  calculated  values  for  ^(^*-^2) 
for  the  yA741  unity  gain  voltage  follower  shown  in  Figures  7-13,  7-16, 
and  7-17,  it  can  be  said  that  the  computer  program  NCAP  predictions 
are  quite  good.  Qualitatively  the  curves  of  the  experimental  and 
calculated  values  for  Hj  versus  frequency  have  essentially  the  same 
shape.  (Except  that  there  are  some  unimportant  resonance  effects  which 
may  be  related  to  parasitic  elements  which  are  not  fully  accounted 
for.)  Quantitatively  the  experimental  and  calculated  values  for 
versus  frequency  are  in  good  agreement  especially  at  frequencies 
above  3  MHz.  At  frequencies  less  than  3  MHz  the  experimental  and 
calculated  results  decrease  rapidly  as  the  frequency  decreases  and  the 
curves  are  shifted  in  frequency  from  one  another  by  a  small  amount 
(of  the  order  of  an  octive).  It  is  recommended  that  NCAP  nonlinear 
transfer  function  calculations  be  made  using  our  probe  results  at  RF 
frequencies  less  than  3  MHz  and  Wooley’s  data  at  RF  frequencies  above 


i  4M4 


TABLE  7-4 


CASCODE  AMPLIFIER  NCAP  PROGRAM  CODING 


**PROGRAM  AND  CASCODE  AMPLIFIER  USING  CA3026  IC 
**SUBMITTED  OVER  SUNY  AT  BUFFALO 
** 

*START  CIRCUIT 
*GENERATOR 
NODE  1  0 

FR  1  1.0E4  100E6  10  LIN 
AMP  1.0  0.0 

FR  2  -0.9E3  -9.9999E7  10  LIN 
AMP  1.0  0.0 
IMP  50.0  0.0 
*LINEAR  COMPONENTS 
R  1  2  0.01 
R  5  34  52.1 
R  9  30  3.0E3 
R  12  16  3.0E3 
R  11  15  3.0E3 
k  13  32  0.1 
R  15  18  10.0 
R  21  15  51.8 
R  22  23  1.0E3 
R  24  25  0.1 
R  24  28  10.0 
R  19  20  0.1 
R  29  20  0.1 
R  20  7  10.0 
R  8  0  0.1 
R  9  26  0.001 
R  39  0  0.1 
R  9  11  0.001 
C  30  38  0.095E-6 
C  3  4  0.095E-6 
C  10  0  0.096E-6 
C  16  14  0.098E-6 
C  15  13  0.094E-6 
C  15  0  3.5E-12 
C  24  0  4.45E-12 
C  20  0  3.8E-12 
C  33  0  5.0E-12 
L  38  0  24.53E-9 
L  2  3  17.7E-9 
L  4  5  18.83E-9 
L  34  30  22.6E-9 
L  10  9  17.0E-9 
L  31  0  10.0E-9 
L  11  12  10.0E-9 
L  15  39  35.78E-9 
L  32  0  19.575E-9 
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TABLE  7-4  (Continued) 


L  14  0  25.0E-9 
L  21  22  38.22E-9 
L  23  24  10.0E-9 
L  25  33  10.0E-9 
*LINEAR  COMPONENTS 
R  35  36  1.0E4 
R  36  37  1.0E5 
R  37  0  1.0E6 
C  24  35  0.01E-6 
C  37  0  306.0E-12 
♦♦DIODE  D1 
C  30  31  1.0E-9 
R  30  31  100 
*TRANSISTOR 
NODE  16 

4.67  0.25  60.0  0.34  1.83E-3  2.0E-3  0.5  110.0  1.99E-12 
1.044  5.13E-12  9.86E-9  512.0  14.31E6  0.1E-12  0.1E-12 
*TRANSISTOR 
NODE  26 

4.67  0.25  60.0  0.34  1.83E-3  2.0E-3  0.5  110. 0  1.99E-12 
1.044  5.13E-12  9.86E-9  554.0  11.7E6  0.1E-12  0.1E-12 
♦TRANSISTOR 
NODE  5 

4.67  0.32  60.0  0.34  3.12E-3  2.0E-3  0.5  110.0  1.99E-12 

1.044  5.13E-12  9.86E-9  483.0  8.18E6  0.1E-12  0.1E-12 

♦PRINT  SELECT 

NODE  37 

♦END  CIRCUIT 

♦END 


TABLE  7-5 


UNITY  GAIN  VOLTAGE  FOLLOWER  NCAP  PROGRAM  CODING 


**PROGRAM  FOR  741  UNITY  GAIN  BUFFER 
**SUBMITTED  OVER  SUNY  AT  BUFFALO 
** 

* START  CIRCUIT 
*GENERATOR 
NODE  101  0 

FR  1  0.1E6  1.0E6  5  LIN 
AMP  1.0  0.0 

FR  2  -0.996E5  -9.996E5  5  LIN 

AMP  1.0  0.0 

IMP  0.0  0.0 

*LINEAR  COMPONENTS 

R  101  0  50 

R  101  1  560 

R  33  3  190 

R  12  4  0.01 

R  25  11  100 

R  25  19  465 

R  20  0  1000 

R  32  0  0.01 

R  33  31  100 

R  21  17  0.01 

R  27  0  465 

R  28  21  0.01 

R  21  0  50000 

R  33  29  0.01 

R  13  9  0.01 

R  33  7  190 

R  16  8  0.01 

R  104  15  100 

R  104  23  465 

R  24  0  1000 

R  36  0  0.01 

R  35  13  100 

R  39  13  465 

R  40  0  5000 

R  41  37  0.01 

R.  104  61  0,01 

R  102  5  620 

R  48  0  0.01 

R  47  45  100 

R  45  41  40000 

R  43  41  465 

R  44  0  0.01 

R  63  0  465 

R  64  0  50000 


TABLE  7-5  (Continued) 


R  97  45  0.01 
R  65  64  0.01 
R  89  67  465 
R  68  0  100 
R  100  0  0.01 
R  99  89  625 
R  83  61  465 
R  84  0  0.01 
R  49  45  0.01 
R  91  0  35 

*LINEAR  COMPONENTS 


R 

52 

0  0.01 

R 

53 

51 

625 

R 

71 

53 

465 

R 

77 

72 

0.01 

R 

92 

77 

50000 

R 

85 

81 

0.01 

R 

85 

0  50000 

R 

69 

53 

0.01 

R 

69 

79 

465 

R 

92 

80 

0.01 

R 

59 

53 

465 

R 

96 

60 

0.01 

R 

95 

85 

95 

R 

87 

85 

465 

R 

88 

0  0.01 

R 

57 

56 

0.01 

R 

102  60  0.01 

R 

93 

76 

0.01 

R 

80 

73 

0.01 

R 

55 

0  65 

R 

102  56  27 

R 

102  76  22 

R 

75 

o  : 

50 

R 

103  102  47000 

R 

i03  0 

44890 

*LINEAR  COMPONENTS 
C  33  0  2.0E-12 
C  33  0  2.0E-12 
C  9  0  2.0E-12 
C  13  0  2.0E-12 
C  25  0  2.0E-12 
C  104  0  2.0E-12 
C  29  0  2.0E-12 
C  33  0  2.0E-12 
C  13  0  2.0E-12 
C  41  0  2.0E-12 
C  45  0  2.0E-12 
C  49  0  2.0E-12 


212 


TABLE  7-5  (Continued) 

C  53  0  2.0E-12 
C  89  0  2.0E-12 
C  53  0  2.0E-12 
C  69  0  2.0E-12 
C  51  0  2.0E-12 
C  85  0  2.0E-12 
C  93  0  2.0E-12 
C  97  0  2.0E-12 
*LINEAR  COMPONENTS 
C  101  0  110.0E-12 
C  89  61  31.0E-12 
C  103  0  2106.0E-12 
**Q1 

*TRANSISTOR 
NODE  1 

4.34  14.566  20  0.165  7.85E-6  0.5E-3  12.0  400  1.23E-12 
1.091  1.23E-12  9.09E-9  830  5.33E6  0.1E-12  0.1E-12 
**Q2 

*TRANS ISTOR 
NODE  5 

4.34  14.566  20  0.165  7.85E-16  0.5E-3  12.0  400  1.23E-12 
1.091  1.23E-12  9.09E-9  830  5.33E6  0.1E-12  0.1E-12 
**Q3 

♦TRANSISTOR 
NODE  9 

1.48  13.046  100  0.394  7.69E-6  0.1E-3  1.07  35  0.77E-12 

1.34  0.23E-12  914E-9  520  0.575E6  0.1E-12  0.1E-12 
**Q4 

♦TRANSISTOR 
NODE  13 

1.48  12.992  100  0.394  7.69E-6  0.1E-3  1.07  35  0.77E-12 

1.34  0.23E-12  914E-9  520  0.575E6  0.1E-12  0.1E-12 
**Q5 

♦TRANSISTOR 
NODE  17 

3.79  0.53  100  0.247  7.66E-6  0.5E-3  1.21  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q6 

♦TRANSISTOR 
NODE  21 

3.79  0.585  100  0.247  7.66E-6  0.5E-3  1.21  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q7 

♦TRANSISTOR 
NODE  25 

3.79  28.933  100  0.254  108E-6  0.5E-3  0.84  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
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TABLE  7-5  (Continued) 

**Q8 

♦TRANSISTOR 
NODE  29 

1.48  0.1  100  0.376  14.9E-6  0.1E-3  1.23  35  0.77E-12 

1.34  0.23E-12  914E-9  681  0.575E6  0.1E-12  0.1E-12 
**Q9 

*TRANSISTOR 
NODE  33 

1.48  15.453  100  0.376  19.5E-6  0.1E-3  1.17  35  0.77E-12 

1.34  0.23E-12  914E-9  681  0.575E6  0.1E-12  0.1E-12 
**Q10 

*TRANSISTOR 
NODE  37 

3.79  13.464  100  0.247  19.8E-6  0.5E-3  0.62  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q11 

*TRANSISTOR 
NODE  41 

3.79  0.1  100  0.247  718E-6  0.5E-3  0  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q12 

*TRANSISTOR 
NODE  45 

1.48  0.1  100  0.394  549E-6  0.1E-3  1.37  35  0.77E-12 

1.34  0.23E-12  914E-9  681  0.575E6  0.1E-12  0.1E-12 
**Q13 

*TRANS1ST0R 
NODE  49 

1.72  13.886  130  0.32  45.3E-6  0.2E-3  0.48  0.6  0.38E-12 
1.22  0.36E-12  1000E-9  681  1.14E6  0.1E-12  0.1E-12 
**Q14 

*TRANSISTOR 
NODE  53 

1.42  14.424  100  0.327  110E-6  2.0E-3  1.26  300  1.0E-12 
1.05  3.0E-12  19.1E-9  500  3.96E6  0.1E-12  0.1E-12 
**Q15 

*TRANSISTOR 
NODE  57 

3.79  0.573  100  0.247  2.43E-12  0.5E-3  4.33  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q16 

♦TRANSISTOR 
NODE  61 

3.79  28.879  100  0.247  11.9E-6  0.5E-3  0.89  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
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TABLE  7-5  (Continued) 


★*Q17 

★TRANSISTOR 
NODE  65 

3.79  13.504  100  0.247  65.6E-6  0.5E-3  0.65  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q19 

★TRANSISTOR 
NODE  69 

3.79  0.1  100  0.247  11.4E-6  0.5E-3  0.87  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  0.1E-12  0.1E-12 
**Q20 

★TRANSISTOR 
NODE  73 

2.67  14.469  90  0.565  109.0E-6  0.3E-3  1.03  60  1.5E-12 
1.13  1.25E-12  360E-9  190  0.147E6  0.1E-12  O.lE-12 
**Q21 

★TRANSISTOR 
NODE  77 

3.79  0.54  100  0.247  33.6E-6  0.5E-3  0.73  300  O.lE-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  O.lE-12  O.lE-12 
★★Q22 

★TRANSISTOR 
NODE  81 

3.79  1.121  100  0.247  4.76E-12  0.5E-3  4.65  300  O.lE-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  O.lE-12  O.lE-12 
★★Q23 

★TRANSISTOR 
NODE  85 

3.79  0.1  100  0.247  9.7E-17  0.5E-3  1.85  300  0.61E-12 
1.04  0.88E-12  15.07E-9  1040  15.3E6  O.lE-12  O.lE-12 
★*Q24 

★TRANSISTOR 
NODE  89 

3.69  14.092  50  0.252  46.2E-6  0.2E-3  7.4  80  5.08E-12 
1.45  1. 75E-12  280E-9  195  13.1E6  O.lE-12  O.lE-12 
★*Q25 

★TRANSISTOR 
NODE  93 

1.48  14.997  100  0.368  5.04E-9  0.17E-3  1.66  35  0.77E-12 
1.34  0.23E-12  1307E-9  681  0.575E6  O.lE-12  O.lE-12 
★*Q26 

★TRANSISTOR 
NODE  97 

1.72  15.37  130  0.32  66.3E-6  0.2E-3  0.87  0.6  1.14E-12 

1.22  0.36E-12  1000 E- 9  681  1.14E6  O.lE-12  O.lE-12 

★PRINT  SELECT 

NODE  103  101 

★END  CIRCUIT 

★END 
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CHAPTER  EIGHT 


DISCUSSION  AND  CONCLUSION 

The  main  objective  of  this  dissertation  has  been  to  determine 
how  well  the  nonlinear  circuit  analysis  program  NCAP  can  predict  RFI 
effects  in  bipolar  integrated  circuits.  Specifically  the  computer 
program  NCAP  has  been  used  to  calculate  how  RF  signals  are  demodulated 
in  broadband  IC  amplifiers  to  produce  undesired  low  frequency  respons¬ 
es.  The  NCAP  calculated  results  and  experimental  results  have  been 
compared  for  two  broadband  integrated  circuit  amplifiers.  One  circuit 
is  a  broadband  cascode  circuit  which  uses  a  CA3026  dual  differential 
pair  IC.  This  IC  was  selected  because  the  differential  pair  is  the 
basic  building  block  in  linear  bipolar  integrated  circuits.  The 
other  circuit  selected  is  a  unity  gain  voltage  follower  circuit  which 
uses  a  741  operational  amplifier.  This  IC  was  selected  because  the 
741  op  amp  is  the  most  widely  used  IC. 

An  important  part  of  this  investigation  was  the  determination 
of  the  NCAP  parameter  values  for  the  bipolar  transistors  in  the  CA3026 
differential  pair  and  the  741  operational  amplifier.  The  NCAP  para¬ 
meter  values  for  the  lJT's  in  the  CA3026  are  given  in  Table  4-1  and 
for  the  BJT's  in  the  pA741  op  amp  are  given  in  Table  4-3.  Many  months 
of  effort  were  required  to  determine  these  parameter  values.  Probe 
techniques  were  used  to  make  measurements  from  which  the  NCAP  para¬ 
meter  values  were  determined.  Also  a  combination  of  analysis  tech¬ 
niques  were  used  to  convert  manufacturer's  data  (when  available)  and 
other  investigator's  data  (especially  Wooley  )  into  the  format  re- 
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quired  by  NCAP.  It  is  anticipated  that  almost  all  QIC  engineers 
wanting  to  use  NCAP  to  predict  RFI  effect  in  bipolar  linear  IC's  can 
not  take  the  time  required  to  determine  their  own  NCAP  parameter 
values.  Therefore,  it  is  suggested  that  the  NCAP  BJT  parameter 
values  given  in  Tables  4-1  and  4-3  be  used.  It  is  recommended  that 
the  IC  schematic  provided  by  the  manufacturer  be  examined  to  de¬ 
termine  which  transistors  are  NPN's  and  which  are  PNP's.  Also  by 
studying  the  IC  circuit  diagram  the  substrate  PNP  transistors  can 
be  identified.  The  remaining  PNP  transistors  are  usually  lateral 
PNP's.  The  input  stage  and  intermediate  stage  transistors  are  us¬ 
ually  small  transistors.  The  output  stage  transistors  are  usually 
large  transistors.  Dual  emitter  transistors  and  dual  collector  • 
transistors  are  treated  as  two  transistors.  It  will  usually  be 
necessary  to  determine  the  values  for  the  dc  collector  currents  and 
dc  collector-base  voltages  for  each  BJT  in  the  integrated  circuit. 

To  determine  appropriate  values  for  the  BJT  dc  currents  and  voltages 
it  is  recommended  that  an  electronic  circuit  analysis  program  such 
as  SPICE2  be  used  to  perform  a  dc  operating  point  calculation.  The 
Ebers-Moll  model  parameter  values  given  in  Table  4-2  can  be  used  for 
the  dc  operating  points  analysis. 

When  the  NCAP  parameter  values  for  the  BJT’s  in  an  integrated 
circuit  are  known,  the  computer  program  NCAP  can  be  used  to  calculate 
nonlinear  transfer  functions  which  are  directly  related  to  RFI  effects. 
The  program  NCAP  uses  a  quasi-linear  distortion  analysis  algorithm 
based  upon  a  perturbation  method.  This  algorithm  is  summarized  below: 


(1)  Calculate  the  dc  operating  point  and  expand  each  nonlinear 
function  by  a  Taylor  series  about  the  quiesent  point. 

(2)  Calculate  the  linear  voltages  of  the  circuit  elements  by 
neglecting  all  nonlinearities  of  degree  n  >  2. 

(3)  Determine  the  voltages  associated  with  each  second-order 
distortion  current  source. 

(4)  Calculate  the  second-order  distortion  products  by  analyzing 
the  linear  circuit  with  the  appropriate  distortion  current 
sources  at  the  prescribed  frequency. 

(5)  Determine  the  voltages  associated  with  each  third-order 
distortion  current  source. 

(6)  Calculate  the  third-order  distortion  products  by  analyzing 
the  linear  circuit  with  the  appropriate  distortion  current 
sources  at  the  prescribed  frequency. 

(7)  Repeat  steps  5  and  6  for  calculating  higher-order  distortion 
products. 

Values  for  the  second-order  transfer  function  ^(^,^2)  were 
calculated  for  the  CA3026  cascode  amplifier  and  741  op  amp  voltage 
follower  circuits.  The  second-order  transfer  function  H2^1,-^2^  is 
directly  related  to  the  low  frequency  voltage  produced  at  the  IC  amplifier 
output  by  an  amplitude  modulated  RF  signal  at  the  IC  amplifier  input. 

(See  Eq.  7-15.)  A  comparison  of  calculated  and  experimental  values 
for  was  presented  in  Chapter  Seven.  This  comparison 

demonstrated  that  the  computer  program  NCAP  can  be  used  quite  success¬ 
fully  to  predict  how  amplitude  modulated  RF  signals  are  demodulated 
in  broadband  IC  amplifiers. 
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There  are  areas  where  additional  efforts  are  needed.  One  area 
involves  the  determination  of  accurate  linear  models  for  all  the 
components  (including  resistors,  capacitors,  inductors,  and  leads) 
in  the  1C  amplifier  circuit.  The  accuracy  of  the  linear  analysis  re¬ 
sults  determine  the  accuracy  of  the  second-order  analysis  results, 

which  in  turn  determines  the  accuracy  of  the  third-order  analysis 
results,  etc.  It  is  known  that  parasitic  elements  play  a  very  im¬ 
portant  role  at  frequencies  above  1  MHz.  New  techniques  for  deter¬ 
mining  values  for  parasitic  elements  are  needed.  One  method  that 

appears  promising  is  the  adjoint  network  gradient  optimization 
45  52 

technique.  ’  This  method  has  been  applied  to  the  CA3026  cascode 
amplifier  and  the  results  obtained  to  date  look  encouraging.  It 
appears  possible  that  this  linear  optimization  scheme  could  be  in¬ 
corporated  directly  into  NCAP,  but  first  it  should  be  investigated 
more  completely.  This  is  a  task  worthy  of  additional  effort  (by 
someone  else). 

There  is  another  area  where  additional  research  activity  is 
needed.  If  the  bipolar  integrated  circuits  are  analysed  at  very  high 
frequencies,  the  NCAP  nonlinear  T-model  may  not  be  appropriate.  At 
frequencies  greater  than  f^  (the  frequency  at  which  the  common  emitter 
short  circuit  current  gain  is  1)  the  four  lumped  parasitic  elements 
R^,  R^,  and  used  in  the  NCAP  BJT  model  may  be  insufficient  to 
characterize  the  BJT.  For  integrated  circuit  BJT's  additional  parasitic 
elements  may  have  to  be  included.  A  model  illustrating  some  additional 
parasitic  elements  is  shown  in  Figure  8-1.  The  additional  parasitic 
elements  shown  in  this  model  account  for  some  of  the  distributed 


R-C  transmission  line  effects  associated  with  the  region  between  the 


base  contact  and  the  active  region  of  the  base-emitter  junction  and 
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with  the  region  between  the  collector  and  substrate.  It  is  suggested 
that  models  similar  to  the  one  shown  in  Figure  8-1  be  developed  for 
RFI  analyses  for  IC  amplifiers  at  RF  frequencies  greater  than  10  MHz. 

At  RF  frequencies  greater  than  f^,  there  is  another  factor  that  also 
should  be  considered.  The  nonlinear  T-model  is  an  extension  of  the 
linear  T-model  which  in  turn  can  be  developed  from  the  Ebers-Moll 
model.  The  Ebers-Moll  model  is  one  form  of  the  charge-control  model. 
The  charge-control  model  is  based  upon  the  quasi-static  approximation. 
The  quasi-static  approximation  assumes  that  the  distribution  of 
minority  carrier  stored  in  the  neutral  base  region  is  identical  to  the 
dc  distribution.  At  frequencies  greater  than  fT  this  basic  assumption 
is  probably  violated.  Therefore,  it  is  reasonable  to  question  the 
validity  of  the  nonlinear  T-model  at  frequencies  greater  than  fT. 

An  investigation  to  determine  how  well  the  nonlinear  T-model  pre¬ 
dicts  RFI  effects  in  BJT  circuits  (discrete  or  integrated)  appears 
to  be  very  much  needed.  This  is  a  task  other  researchers  might 
pursue.  When  improved  techniques  for  determining  parasitic  elements 
in  passive  components  and  in  bipolar  junction  transistors  are  developed 
and  questions  concerning  the  validity  of  the  nonlinear  T-model  at 
frequencies  greater  than  fT  have  been  resolved,  additional  efforts 
to  determine  how  well  the  computer  program  NCAP  can  predict  RFI 
effects  in  bipolar  linear  circuits  for  RF  frequencies  in  the  range 
50  to  1000  MHz  should  be  pursued. 
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FIGURE  8-1  Schematic  Cross  Section  of  a  Transistor  with  an 

Equivalent  Circuit  of  Parasitic  Elements  (a),  and 
the  Suggested  Nonlinear  T-Model  (b) 


APPENDIX  I 


STANDARD  IEEE  NOTATION 

The  h,  y,  and  z  two-port  parameters  are  identified  with  a  double¬ 
subscript  notation.  The  first  subscript  denotes  the  function  of  the 
parameter: 

i  Input  driving-point  parameter 

o  Output  driving-point  parameter 

f  Forward  transfer  parameter 

r  Reverse  transfer  parameter 

When  these  parameters  are  used  to  describe  BJT  properties  the  second 
subscript  denotes  the  configuration: 

e  Common-emitter 

b  Common-base 

c  Common-collector 

Currents  and  voltages  at  the  terminals  of  transistors  are  designated 
in  the  following  manner:  Subscripts  are  used  to  indicate  the  terminal 
at  which  a  current  flows  (reference  direction  is  in  the  terminal)  or  the 
terminal  pair  at  which  a  voltage  appears  (reference  direction  is  defined 
by  the  order  of  the  subscripts;  the  plus  sign  is  associated  with  the 
terminal  identified  by  the  first  subscript).  Variables  of  four  types  are 


defined: 


DC  or  operating-point  variables — upper-case  symbols  with  upper¬ 
case  subscripts 

Total  instantaneous  variables — lower-case  symbols  with  upper¬ 
case  subscripts 

Incremental  instantaneous  variables — lower-case  symbols  with 
lower-case  subscripts 

Complex  amplitudes  of  incremental  components — upper-case 
symbols  with  lower-case  subscripts 

A  voltage  v  or  V  next  to  a  node  is  assumed  to  be  measured  with 
respect  to  datum,  i.e.  it  is  a  node-to-datum  voltage.  Unless  other¬ 
wise  marked,  the  reference  direction  is  such  that  the  node  is  positive 
with  respect  to  ground  when  v  or  V  is  positive. 
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APPENDIX  II 


PROBE  PREPARATION 

Sharp  tungsten  probe  tips  are  prepared  by  an  etching  process. 

To  retain  a  uniform  cross-section  for  a  tungsten  tip,  a  tungsten 
wire  is  etched  as  rapidly  as  possible.  The  usual  etching  reagents 
such  as  alkaline  potassium  ferricyanide  or  ammonium  persulphate  act 
rather  slowly  and  tend  to  develop  a  crystalline  surface  on  the  wire. 
Therefore,  an  electrolytic  etching  process  is  used  to  obtain  a  sharp 
tungsten  tip. 

The  electrolytic  etching  process  is  illustrated  in  Figure  II-l. 

As  shown  in  this  figure,  a  tungsten  wire  with  the  diameter  of  10  mil 

is  made  the  anode  and  a  tungsten  bar  the  cathode.  A  saturated 

solution  of  potassium  hydroxide  is  used  as  the  electrolyte  between 

the  anode  and  the  cathode.  This  solution  is  contained  in  a  beaker. 

Suitable  dc  current  levels  range  between  100  mA  to  400  mA  with  a 

corresponding  dc  voltages  range  from  10  V  to  20  V  are  employed  for 

the  electrolytic  etching  process.  A  clock  motor  providing  a 

mechanical  dipping  action  is  used  to  generate  a  sharp  tip  for  the 

tungsten  wire.  The  above  electrolytic  etching  process  will  take  about 

one  minute  to  provide  a  satisfactory  sharp  tip,  e.g.  tip  dimension 
2 

of  0,1  mil  can  be  readily  prepared  in  1  to  2  minutes.  The  actual 
process  time  varies  with  the  current  level  and  the  probe  dipping 
frequency. 


Probe  Point  Etching 


FIGURE  II-l 


Sharp  Tungsten  Tip  Preparation  Diagram 
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yA74l  BJT's  DC  and  Junction  Capacitance  Characteristics 
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FIGURE  III-l  Typical  I„  Vs  V  Characteristics  of  BJT's  in  the 

E  BE 

yA741  Operational  Amplifier 


DC  Current  Gain 


Collector  Current  Ic  (mA) 


FIGURE  I I I- 3 


Typical  DC  Current  Gain  vs  Collector  Current  I( 
for  BJT’s  in  pA741  Operational  Amplifier 


5  m A/step  IB  0.5  m A/step 


FIGURE  III-9.  Typical  I-V  Characteristics  of  the  Dual-Emitter  Substrate 
PNP  Transistor  (Data  Obtained  from  Q24  Measurements). 
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FIGURE  III-10 


Typical  Junction  Capacitance  vs  Junction  Voltage  Plot 
of  the  BJT’s  in  the  pA741  Op  Amp 
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APPENDIX  IV 

FORTRAN  PROGRAM  FOR  CALCULATING  FIRST  AND  SECOND-ORDER 
TRANSFER  FUNCTIONS  FOR  THE  TUNED  RF  AMPLIFIER  SHOWN  IN  FIGURE  6-2 


PROGRAM  NCAP(  INPUT*  OUT PCT,  TAPt7,  T APE  5 • I NPUT , TAPE6*0UTPUT ) 


THIS  PROGRAM  SIMULATES  RAOC  NONLINEAR  CIRCUIT  ANALYSIS  PROGRAM  NCAP 
SAMPLE  CALCULATION  QF  A  2N91G9  RF  AMPLIFIER  IS  GIVEN 


EXTERNAL  F  I E »  FM 

REAL  K1,K2,K3,IC,ICMAX,MU,K,M,N 
REAL  L 

DIMENSION  WB(646) 

DIMENSION  Y2(24,24),TF1(24,24>,YF2(24,24),UA(24>,  Jl(24,l(,  J2(24,l> 

2, V1 (24), V2(24) 

COMPLEX  lj>  AOMTS#  AOMTF 1#  ADMT  F2  #  ADMT#  J»  Y2#  J 1#  J2»  V 1#  V2»VS#TF1*YF2»TI» 
1T2,T3 

COMMON  /P/  N#VCB» VCB0»MU»IC#ICMAX,A»HFEMAX,K#REF,CJE»C2P#RB»RC#C1» 

1C3 

DATA  G/1HG/,R/1HR/,C/1HC/»L/1HL/ 

FORMAT  (2E13.5) 

FORMAT (E13.5) 

FORMAT  (4E13.5) 

FORMAT (IX, /,1X,  *N  •  *>cl3.9,lX»*VC8  ■  «, E13. 5, IX, *WCBO  • 

1  *»tl3.5»lX,*NU  •  *,E13.9,/,1X,*IC  •  *,  El 3 . 5, 1 X.  *1C  MAX  • 

2*,E13.9,1X,*A  •  *»  E 13 .5, 1 X, AHFEHAX  •  *, E 13 .5, /, 1 X, *K  •  ♦ 

3, E13.S,1X,*REF  ■  *, £13. 9, IX, *C JE  •  •, E 13. 5, IX, *C 2 P  ■  *,E1 

43. 9, /, IX*  *R6  *  *, EX3.9, IX, *RC  •  *, E13 . 9, IX, *C 1  •  *,E1J 


5.5,1X,»C3  •  *, E 1 3 .9 ) 

FORMAT ( lHl, IX, *2N9109  NCAP  INPUT  PARAMETERS'*) 

F0RMATUX,/,1X,*RESISTIVE  NONLINEAR  COEFFICIENTS'*,/,/, IX, *K1  •  * 

1, El  3. 9, 1X,*K2  •  *, E13 • 9, 1X,*K  3  •  *,£13.51 

FQRHATI1X,/,1X,*CAPACITIVE  NONLINEAR  COEFFICIENTS'*,/, /,1X,*C1  ■ 

I*»E13 • 9, 1 X*  *C2  ■  *,E13.9,1X,*C3  •  *,£13.5) 

F0RMAT(1X,/,1X,*TRANSC0NDUCTIV£  NONLINEAR  COEFF IC I  ENTS' *, /, /*1X,*G 
101  •  «,E13.3,1X,*G10  •  *. £13. 5,/, IX, *602  -  *, £13. 9, IX, «G20  •  *,E13 
2. 5, IX, *611  •  *,£13.5, /,1X,* GO 3  •  *,E13 .5, IX, *630  •  *, E13 .5, IX, *612 
3  •  *»f 13. 5, IX, *621  •  *, £13.9) 

F0RMAT(4E13.9I 

FORMAT (IX, /, IX, *2N 9109  RF  AMPLIFIER  AC  CIRCUIT  INFORMATION'*,/) 
FORMAT (Al,3X, 13,13,1 13.9, 13,13) 

FORMAT (1X,A1, 13,13, E13. 9,13,13) 

FORMAT (1X»/»1X,*SAMPLE  CALCULATED  RESULTS  OF  TRANSFER  FUNCTIONS  AR 
IE  LIST  BELOV'*, /> 

FORMAT (IX, *H1(20)  ■  *,2E13. 9, 1X,*H1 ( 22 )  •  »,2E13. 9, IX,* FREQUENCY  • 
1  *,£13.9) 

F0RMAT(1X,*H2(20I  •  *, 2E11 . 9, IX, *H2 (22 >  ■  **2E13.»,1X, ‘FREQUENCY  • 
1  *,*(*,E13.9,1X,EI3.9,*)*) 

FORMAT (IX, / ) 


REAO  IN  INPUT  EXCITATION 
RE A0( 9,1900 )VX1,VX2 
PE  AO  IN  INPUT  SOURCE  1NPE0ANCE 
RE  AD ( 9, 900 ) RX 
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115 


120 


125 


130 


135 


14C 


145 


150 


155 


160 


165 


170 


ADKTFl«U*Nl*VALUE 
ADK1F2«U*U2»VAL0E 
ADFTS-U* (Wl»W2)*VALUt 
GO  TO  25 

30  IFMYFE.NE.DGO  TO  10 

ADNTFl-l./(U»Ni*VALUE> 

AOMTF 2^1. /(U*N2 ‘VALUE) 

A0HTS‘l./(U‘(Nl‘N2) ‘VALUE) 

25  YF1<NFAGH,NFR0N)‘YF1(NFRQK»NFRQN)‘ADNTF1 

YF2 (NFRQN»NFRON )*YF2 (NFRONi Nf RON) ‘A0NTF2 
Y2(NFRCn#NFRCH)»Y2(NFROM»NFRO«)‘AO*TS 
IF (NTO.EO.OIGO  TO  10 
YF1  (MTOtKTll  1  •  YF 1  <NTO>  NTC)‘A0NTF1 
YF2(NT0»NT0)‘rF2(NT0»NTC)‘A0«TF2 
Y2(NTG»NTO)‘Y2<NTO»NTO)‘ADNT5 
YF1(NFRON»NTO>*TF1(NFRD)*,NTD)-AONTF1 
YF2  (NFRON»NTO>  *  TF2  INFRD)*»  NT01-ADHTF2 
Y2(NFR0X*NT0)‘T2INFRDH»NT0>-AD«TS 
YF1 1 NT0«NFRDM>*YF1 INTO;  NFR0H)-ADHTF1 
YF2INTO»NFROX>‘YF2(  NTQ«  NFR0H)“ADNTF2 
Y? < NTOfNFRON) ■ Y 2 ( NTO» NFRON )-AONT S 
GO  TO  10 

15  ADNT-VALUE 

YFUNFRONj  MFC  )‘YF1INFR0N»NFC)  ‘ADHT 
YF2(NFR0N«NFC)‘YF  2 (NFROXfNFC ) * ADNT 
Y2(NFRON,NFC)‘Y2INFROK. NFC) ‘ADHT 
YFHNFRGNfNTC  )‘YF  1  INFROH»NTC )— ADHT 
YF2(NFRCh.NlC)-YFZ(NFR0N,NTC)-A0NT 
Y2<NFRQN,NTC>‘Y2(NFRQH,NTC)-ADHT 
YFl(NTO,NFC)*YFl(NTO.NFC)-AOnT 
YF2(NTQ#NFC)‘YF2(NT0»NFC)-ADKT 
Y2 (NTO.KFC 1  - Y2  <  NTO.  NFC  )-AONT 
YF1(NTQ»NTC)‘YF1(NT0»NTC)‘ADMT 
YF2<MG»NTC>«YF2INT0.NTC>‘ADNT 
r2<NT0»NTCI«Y2(NT0»NTC>‘ADNT 

10  CONTINUE 

C  CALCULATE  FIRST  ORDER  ( l INEAR  >  CURRENT  SOURCE 

DO  35  1‘1»24 
JJ l)>  1 )*0» 

J2(I>1)>0. 

35  CONTINUE 

J1(1»1)‘VX1/RX 

J2E1»1)*VX2/RA 

C  CALCULATE  FIRST  ORDER  (LINEAR)  TRANSFER  FUNCTION 

CALL  GAUSS ( YF1»  J1 ) 

CALL  GAUSS ( YF  2  »  JZ  ) 

00  AU  I‘i.24 
V 1 C 1 1  •  J1  (1*1) 

V2 (I ) • J2< I* 1 > 

AO  CONTINUE 

NR  1 TE ( 6»  2500) Vl (2G)*V1(22)*F1 
NRITE(6*250G>V2(20>» V2(22)*F2 


A 
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175 


180 


185 


100 


105 


2C0 


C  CALCULATE  SECOND  ORDER  CURRENT  SOURCE 

C  - 

DO  A5  I-1.2A 
41(1.11*0. 

05  CONTINUE 

T1»K2*(V1(5)-V1(6)  >*(V2(5)-V2(6>  ) 

41<5.1>*T1*41<S.1> 

41(6. 1)*41(6.1>-T1 

T2*-(F1*F2 )*6.283*U*GA2*  ( Vl(ll I— Vl( 51 I* ( V2( 11 )— V2 (5) ) 

41(11. 1)*4MU.1)*T2 
Jl( 5*1 1*41(5.11-72 

T3—6C2*(V1(11  )-Vl(5>>*tV2(ll>-V2(5))-0.5*Gll*(Vl(ll>-V10>  J*(V2(S 
1  l—V2( 6)  )-C« 5*611* ( V2 ( 11  )-V2 (5  >  I  *(  VI  (5 >-Vl  (6)  )— 620*1 VI ( 51— VI (6)  I  *(  V 
22 ( 5  )-V2<  6) ) 

41(11.1 1*41  (11>H*T3 
41(5.11*41(5. 1) -73 

C  - 

C  CALCULATE  THE  SECOND  ORDER  TRANSFER  FUNCTION 

CALL  6AUSS(V2.41> 

00  50  1*1. 2* 

VKIl  *41(1. 1 ) 

50  CONTINUE 

WRITE (6. 3000)  V1(20).V1(22).F1.F2 
REWIND  7 
WRITE (6.8000) 

6C  CONTINUE 

65  STOP 

ENO 


1 


5 


10 


FUNCTION  Fit ( X) 


C  FUNCTION  OF  AVALANCHE  NULT 1PL IC AT  ION 
REAL  IC. ICNAX.M.N.MU.K 

^COMMON  IF/  N.  VCB. VCBQ.NU. IC. ICMAX. A.HFEMAX.K.REF.  C4E.C2P.RB.RC.C1. 

SI* (X/VC80)**N 
FK*1./(1.-S1) 

RETURN 

END 


1 


5 


10 


FUNCTION  FIE(X) 


C  FUNCTION  OF  EMITTER  CURRENT 

REAL  ICMAX,  JC.N.MU.A  '  ■*— — 

^COMMON  IF 4  N. VCB, VC BO. HU.IC. ICMAX, A.HFEMAX.K.REF, C4E.C2P.R8 »RC .Cl. 

SIf  IAL06(X/lCNAX))/2.3 
S2*HFEMAXT(1.*A*S1*S1) 

F1E*X*(1.«S2)/S2 

RETURN 

END 
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SUBROUTINE  GAUSS  I Y,  J  ) 


SIMULTANEOUS  EQUATIONS  SOLVER  Sr  USING  GAUSSIAN  ELIMINATION 


COMPLEX  Y 124,24 »,A( 24, 251, PIVOT, B,  J<24,1| 

N*24 

DO  20  11*1,24 
00  2C  12*1,25 

1FU2.E0.25)  A(I1,12)*J(I1,1> 

IFII2.E0.2SI  GO  TO  20 
A(ii,i2i*rm,i2> 

CONTINUE 
NP1*N«1 
EPS-1. 0E-30 
IC-1 
1R-1 

P1V0T*A(I«,ICI 
IP1V0T-IR 
DO  2  1*IR,N 

IFICABS(A(I,IC)  I.LE.CABSTPIVOTI I  GO  TO  2 
PIV0T*AII,IC) 

IPIVOT-1 

CONTINUE 

ificabsipivoti.ie.epsi  go  to  0 

IF ( IPI VOT.EO.IR )  60  TO  4 
DO  3  K*IC,NP1 
8*A (IPIVOT.K) 

A(IPIV0T,KI*A(1R,KI 

A  < IR,KI*B 

CONTINUE 

CONTINUE 

00  5  K-IC.NPl 

AllR,KI*A(IR,KI /PIVOT 

I F  I IR.EO.N)  GO  TO  10 

IRP1* IRvl 

DO  T  I P*IRP1,N 

B*A(IP,ICI 

1FICAB STBI.LE.EPS I  GO  TO  T 

DO  6  K*IC,NP1 

A(IP,K)*A(IP,K)-A|XR,K)*B 

CONTINUE 

CONTINUE 

IR-IRvl 

IC-IC-1 

GO  TO  1 

NRITE (6,91 

FORNATUX.ADETERHINANT  EOUAL  TO  2ER0.  NO  UNIOUE  SOLUTION.*! 

STOP 

NM1*N“1 

DO  12  K*J»NN1 

NNMN-K 

00  11  JJ*1,K 

NP1NJ*N»1-JJ 

A(NMK,NP1)*A(NMK,NP1I-A(NMK,NP1HV1«A(NP1N2,NP1! 

CONTINUE 
00  13  1*1, N 
1(1,11*1(1,23! 

CONTINUE 

RETURN 

END 


SUBROUTINE  CDEF<K1,K2,K3.GA1,GA2,GA3, 601,610,602, 620, 611,603, 630,6 
112,6211 

THIS  SUBROUTINE  CALCULATES  NONLINEAR  COEFFICIENTS  OF  A  BJT 

Kl,  K2,  K3  - EMITTER-BASE  RESISTIVE  COEFFICIENTS 

CA1,  CA2,  CAS  -BASE-COLLECTOR  JUNCTION  CAPACITANCE  COEFFICIENTS 
CNN - - BASE-COLLECTOR  DEPENDENT  CURRENT  SOURCE  COEFFICIENTS 


DIMENSION  a <31, AA<33, DERIS ),DHIS) 

EXTERNAL  FIE,FM 

REAL  K1,K2,K3, IC, ICMAX,HU, K,M, N, IE 

CONNON  191  N,VCB, VCBO, RU, IC,ZCNAX,A,HFEHAX,R,REF,C JE,C2P*RB,RC,C1, 
1C3 

XKT0<0. 02567041 

XIC<IC 

1E»FIEIXIC> 

K1*1E/XKT0 

K2<i£/<<XKTO*REF3**2. 3/2.0 
K3*IE/(< XKTOPREF  3**3. )/6.0 
RE<1./K1 

6A1<K*<VCBI**<-HU3 

GA2<-0.5*K*HU*<VCBIPP<-NU-1.3 

6A3<(l./6.3*K*MU*<HU«l.l*<VCS3**(-HU-2;> 

H<l./<l.-<vC6/VCa03P*N3 

CALL  DER1VIFIE, XIC,OER I 

AA  f 1 3  <DER 1 1 3 

AA<2t-0ER<2t/2.O 

AA<33<0ER133/6.0 

eaui./AAiii 

»<23— AA<2  3/<AA<13**3.0I 

B 1 31* 1 2.0* A A <2 1 *AA <2  3-A Al 1 3 *A A <  S3  I / I AA< 1 3**>. I 
X VC8" VC8 

CALL  OERI VI FH, XVCB,DER 3 

DH<1I<0ER<1I 

DN<23<DER<2 1/2.0 

DN<33<DER< 33/6.0 

G10<B<13*H*K1 

G01<B<13P0H<13AIE 

G2</<S<2  2*M#K2«8I22*N*NPK1*K1 

602<B< 13 *IE*DN< 2 3 *8 <23PON<13PDH<1 3PIIPII 

611<2.*B  <23P<<1PNPON<  1 1  PIE 

G30<B<13*M*K3*2.*S<22*Kl*R2*N*N*BIA3*N*N*NP«)*«l*ft) 

G21<2.*B<23*K2*HPON<l|PIE«3.Pa<3IPNPNPNlPHlPON<13P|t 
612<2.*B<2|PKl*N*DN<23*Il*3.Pai3SPHPKlPDN<l 3P0H<1 SPliPIt 
603<B < 1 1 *0H <  33* IE *2 .*8 <2  3*0M< 1 1 *0M<  23P1E*1E*81 3 3*PNI 1 3*0HI1  3*033113 
1*IE*1£*IE 
RETURN 
END 


subroutine  oeriv(fct*t*der> 

SUBROUTINE  OF  NUMERICAL  DIFFERENTIATION 


9 


10 


19 


20 


29 


30 


C 

c 
c 

external  fct 

DIMENSION  D£R(3)*XX(19I*21(191*22(11>»23(7> 
X*T 

H-X/500. 

X*X-B.*M 
DO  1  1*1*19 
X-X+H 

XXID'FCT  (X) 

1  CONTINUE 
N»19 

CALL  0ET5(H*XX*21*N*IER> 

OER  (11*21(61 
00  2  1*3*13 
J-I-2 

XX( JI*21(I) 

2  CONTINUE 
N*ll 

CALL  DET9(H*XX*22»N*IER) 

OER (2  >*22(6 1 
DO  3  1*3*9 
J*l-2 

KXt  J) •ZZIJ) 

3  CONTINUE 
N*7 

CALL  0ET9(H*XX*  23*N* IER > 

DER (31*23(9  I 

RETURN 

END 
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2N51C9  NCAP  INPUT  PARAMETERS > 


N 

• 

•6CCC0E+C1 

VC6  • 

• 5COOOE+OX  VC BO 

•40609E+62 

»U 

* 

.28500E+00 

IC 

9 

•500006-01 

ICHAX  ■ 

.1B000E-01  A  * 

•36300E+00 

HFEMAX 

■ 

.8<t6C0fc+02 

K 

■ 

• A2000E-12 

REF  ■ 

•100C0E+01  CJE  > 

•10900E-10 

C2P 

■ 

•  3t>CoOt-Cd 

RB 

• 

.1300CE+02 

RC 

• 32900E  +08  Cl 

•10000E-12 

C3 

• 

.56000E-12 

RESISTIVE  NONLINEAR  COEFFICIENTS! 

K1  ■  • 1972AE*01  K2  ■  .38A19E+02  K3  «  .A9887E+0S 

CAPACITIVE  NONLINEAR  COEFFICIENTS! 

Cl  •  .265A9E-12  C2  >  75t6AE-l<.  C3  «  .6AB19E-15 

TRANS CONDUCTIVE  NONLINEAR  COEFFICIENTS! 


601  • 

• 22951E-06 

610  « 

»19AA6E*01 

6C2  • 

.11A26E-06 

62C  • 

• 37754E+0Z  6X1  • 

-.2B73AE-07 

603  ■ 

•  30475E— 07 

630  - 

.48788E+03  612  ■ 

-.IA367E-07  621  • 

-.27180E-06 
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1 

0 

-.20C00I-C1 

0 

0 

1 

21 

.100001*00 

0 

0 

2 

21 

•5000C6*02 

0 

0 

21 

22 

.500006*02 

0 

0 

22 

0 

.300001*02 

0 

0 

2 

3 

.100006-07 

0 

0 

3 

A 

.331006-06 

0 

0 

A 

0 

. AC0COE«O3 

0 

0 

A 

0 

•10000E-12 

0 

0 

A 

3 

•13C00E*Q2 

0 

0 

3 

6 

. 3C700E*00 

0 

0 

S 

6 

•19228E— 09 

0 

0 

6 

7 

•39000E*03 

0 

0 

7 

8 

•10900E*02 

0 

0 

« 

0 

.290001-07 

0 

0 

7 

9 

•912006—09 

0 

0 

9 

0 

.22100E— 07 

0 

0 

A 

11 

.560006-12 

0 

0 

5 

11 

.263306-12 

0 

0 

5 

11 

•32900E*05 

0 

0 

A 

10 

.101006-06 

0 

0 

10 

2A 

.23000E— 06 

0 

0 

2A 

0 

.100006*00 

0 

0 

11 

3 

.19AA6E*01 

3 

6 

11 

12 

.676006-07 

0 

c 

12 

1A 

.960006-01 

0 

0 

11 

13 

.30000E-08 

0 

0 

13 

1A 

.325006-06 

0 

0 

11 

1A 

.100006*07 

0 

0 

1A 

15 

.100006-02 

0 

c 

16 

.360006-00 

0 

0 

17 

.100006*03 

0 

0 

17 

0 

.looooE-oe 

0 

0 

16 

16 

. 1C00C6-O7 

0 

0 

16 

23 

.953006-06 

0 

0 

23 

0 

.100006*00 

0 

0 

11 

19 

.100006-07 

0 

0 

19 

20 

.535006-06 

0 

0 

20 

0 

.500006*02 

0 

0 

A 

6 

.100006-12 

0 

0 
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